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(54) Multicarrier transmission with variable data rate 



(57) A high speed communications system is pro- 
vided which uses a selectable, desirable portion of the 
total available bandwidth of a transmission channel. In a 
preferred embodiment, the invention is an ADSL com- 
patible modem which selects a sub-set of the available 
downstream DMT sub-channels based on an evaluation 
of such sub-channels by appropriate signal processing 
circuitry. An analog front end (AFE) contains sub-band 
filtering causes an upstream transceiver to use only this 
selected number of available sub-channels for down- 

FIGURE 6 



stream data transmission. This reduces hardware costs 
and complexity while still preserving compatibility with 
applicable ADSL standards and providing a high speed 
data link. The target data rate of the modem can be fur- 
ther enhanced to the point of achieving full protocol 
capability by increasing or upgrading the AFEs, and/or 
the signal processing circuitry in order to increase the 
number ol processable transmitted downstream sub- 
channels. 
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Description 

FIELD OF THE INVENTION 

s The invention relates generally to an improved high-speed communications system which establishes a data link 

using only a selectable portion of the total available bandwidth of a channel. The present invention has particular appli- 
cability to systems which use rate adaptable techniques such as the discrete multi-tone modulation (DMT) technique 
and CAP for transmitting data in Digital Subscriber Lines and similar environments. By limiting the data throughput of 
the link to some adjustable fraction of the total available data rate, the present invention significantly reduces hardware 

10 costs and allows a downstream user to configure a data link whose performance is directly controllable by the process- 
ing power available to such user. In this manner, the system is completely forward compatible and expandable in func- 
tionality, and permits a user to increase throughput to the point of achieving full potential of the available channel 
bandwidth . 

is BACKGROUND OF THE INVENTION 

Remote access and retrieval of data and information are becoming more desirable and common in both consumer 
and business environments. As data and information transfer is becoming more and more voluminous and complex, 
using traditional data links such as voice-band modems is too slow in speed. For example, the use of the Internet to 

20 locate and access information is increasing daily, but the retrieval of typical graphics, video, audio, and other complex 
data forms is generally unsatisfyingly slow using conventional voice-band modems. In fact, the slow rate of existing dial- 
up analog modems frustrates users, and commerce and interaction using the Internet would have been wen higher 
were it not for the unacceptable delays associated with present day access technology. The ability to provide such 
desired services as video on demand, television (including HDTV, video catalogs, remote CD-ROMs, high-speed LAN 

25 access, electronic library viewing, etc.. are similarly impeded by the lack of high speed connections. 

Since the alternatives to copper line technology have proven unsatisfactory, solutions to the high speed access 
problem have been focused on improving the performance of voice band modems. Voice band modems operate at the 
subscriber premises end over a 3 kHz voice band lines and transmit signals through the core switching network, the 
phone company network treats them exactly like voice signals. These modems presently transmit up to 33.6 kbps over 

30 a 2-wire telephone line, even though the practical speed only twenty years ago was 1 .2 kbps. The improvement in voice 
band modems over the past 20 years has resulted from significant advances in algorithms, digital signal processing, 
and semiconductor technology. Because such modems are limited to voice bandwidth (3.0 kHz), the rate is bound by 
the Shannon limit, around 30 kbps. A V34 modem, for example, achieves 10 bits per Hertz of bandwidth, a figure that 
approaches the theoretical Shannon limits. 

35 There is a considerable amount of bandwidth available in copper lines, however, that has gone unused by voice 
band modems, and this is why a proposal known as Asymmetric Digital Subscriber Line (ADSL) was suggested in the 
industry as a high-speed protocol/connection alternative. The practical limits on data rate in conventional telephone line 
lengths (of 24 gauge twisted pair) vary from 1 .544 Mbps for an 1 8,000 foot connection, to 51 .840 Mbps for a 1 .000 foot 
connection. Since a large proportion of current telephone subscribers fall within the 18.000 foot coverage range, ADSL 

40 can make the current copper wire act like a much "bigger pipe" for sending computer bits and digital information (like 
movies and TV channels), while still carrying the voice traffic. For example, an ADSL modem can carry information 200 
times faster than the typical voice band modem used today. 

ADSL is "asymmetric" in that more data goes downstream (to the subscriber) than upstream (back from the sub- 
scriber). The reason for this is a combination of cost, demand, and performance. For example, twisted pair wiring cou- 

45 pling increases with the frequency of the signal. If symmetric signals in many pairs are used within a cable, the data rate 
and line length become significantly limited by the coupling noise. Since the preponderance of target applications for 
digital subscriber services is asymmetric, asymmetric bit rate is not perceived to be a serious limitation at this time. 
Therefore, the ADSL standard proposes up to 6 Mbps for downstream, and up to 640 kbps for upstream. For exarrple, 
video on demand, home shopping, Internet access, remote LAN access, multimedia access, and specialized PC serv- 

so ices all feature high data rate demands downstream, to the subscriber, but relatively low data rates demands upstream. 
The principal advantage is that all of the high speed data operations take place in a frequency band above the voice 
band, leaving Plain Old Telephone Service (POTS) service independent and undisturbed, even if an ADSL modem fails. 
ADSL further provides an economical solution for transmission of high bandwidth information over existing copper line 
infrastructures. 

55 Specifically, the proposed standard for ADSL divides the available transmission bandwidth into two parts. At the 
lower 4 kHz band, ordinary (POTS) is provided. The bulk of the rest bandwidth in the range from 4 kHz to about 1 MHz 
is for data transmission in the downstream direction, which is defined to be from the exchange to the subscriber. The 
upstream control channel uses a 160 kHz band in between. The signals in each channel can be extracted with an 
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appropriate band -pass fitter. 

A DMT implementation of ADSL uses the entire available 1 MHz range of a copper phone line. It merely splits the 
signal into 255 separate channels, and each 4 kHz channel can be made to provide a bit rate up to the best present day 
voice band (33.6 kbs) modems. This results essentially in overall performance which is equivalent to around two hun- 

£ dred V.34 modems used in parallel on the same line. Because each channel can be configured to a different bit rate 
according to the channel characteristics, it can be seen that DMT is inherently "rate-adaptive" and extremely flexible for 
interfacing with different subscriber equipment and line conditions. 

A number of problems arise, however, in attempting to implement a full scale ADSL transceiver cost-effectively. 
First, to achieve this high bit rate transmission over existing telephone subscriber loops, advanced analog front end 

w (AFE) devices, complicated digital signal processing techniques, and high speed complex digital designs are required. 
As a result, this pushes current technology limits and imposes both high cost and power consumption. For example. 
AFE devices in modem applications provide the interface between analog wave forms and digital samples for digital 
hardware/software processing. In high speed modern technologies such as ADSL, AFE devices need to operate at a 
very high sampling rate and high accuracy. For example, the DMT technology has a spectrum of 1 MHz and requires 

is sampling above 50 MHz if a sigma-delta analog-to-digital (ADC) method is used. This thus requires the state-of-art 
ADC technology and imposes a high cost for end users. 

Second, the time domain signal in ADS LTD MT transmissions is a summation of a large number of carriers modu- 
lated by quadrature amplitude modulation (QAM). This typically results in a large peak-to-peak deviation. As a result, 
even though a high speed AFE is made possible, a large dynamic range and high resolution AFE is required at the 

20 same time to minimize quantization errors. 

Third, in addition to the high sampling rate and resolution requirement for ADSL AFEs, the other hardware and soft- 
ware in ADSL environment also needs to operate at a much higher speed than current conventional modem counter- 
parts. For example, to implement the DMT technology in software, a custom and dedicated digital signal process (DSP) 
of a power of several hundred MIPS (millions instructions per second) is required to process many components such 

25 as error encoding and decoding, spectrum transforms, timing synchronization, etc. As with the AFE part of the system, 
this high speed requirement for the signal processing portion of ADSL also results in less flexible, high component 
costs. 

Fourth, requiring a communications device (such as a modem) to fully supp ort the total throughput of a standard 
such as ADSL may be inefficient in some cases, since many prospective users of high-speed data links may not need 

30 to use all the available bandwidth provided by such standards. It is generally more preferable therefore to permit users 
to throttle or scale the data throughput in a manner they can control, based on their particular application needs, hard- 
ware cost budget etc. For example, a full-scale ADSL system may have the performance level of 200 times conven- 
tional V.34 modems, but it is apparent that even a performance improvement of 1 0 - 20 times than present day available 
analog modems would be sufficient for many consumer applications, such as Internet access and similar uses. Thus, 

35 unlike conventional analog modems, which are available in various speeds varying generally from 14.4 to 56 Kbps, 
there are no known ADSL modems which offer scalable performance levels to users. 

Fifth, in addition to the implementation challenge, the T1 E1 .4 ADSL standard does not specify the system interface 
and user model. Although various high level interface to support T1 /E1, ATM, etc. have been described, system inte- 
gration with high level protocols such as TCP/IP and interface with computer operating systems have not yet been 

40 defined. As a result, there is uncertainty how existing and future modem-based applications can work with the ADSL 
technology. For example, when users run an Internet application which sends and receives data to and from an Internet 
service provider (ISP), a mutually agreed protocol is required to set up a call and transfer data. Possible protocols avail- 
able at various levels include ATM (asynchronous transfer mode), TCP/IP, ISDN, and current modem AT commands. 
Either one of these or a possibly new protocol needs to be defined to facilitate the adoption of ADSL technology. 

45 

SUMMARY OF THE INVENTION 

An object of the present invention therefore is to provide a communications system which is fully compatible with 
high speed, rate adaptable protocols such as are used with ADSL, but which system is nevertheless implementable 
so with simpler analog font end receiving/transmitting circuitry and is thus reduced in cost and complexity; 

A further object of the present invention is to provide a communications system which is fully compatible with high 
speed, rate adaptable modulation protocols such as used with ADSL, but which system is nevertheless implementable 
with simpler digital signal processing circuitry and is thus reduced in cost and complexity; 

Another objective of the present invention is to provide a method for transmitting data within a fractional, desirable 
55 portion of available bandwidth in a channel by modulating only a limited number of desirable sub-channel data carriers, 
so that a high speed data link can be achieved that is faster, and has reduced computation and hardware demands; 

Yet a further objective of the present invention is to provide a communications system with smaller peak-to-peak 
deviation in the sub-channels signals, so as to reduce the dynamic range required for the front end ADC, and to mini- 
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mize quantization errors. , . te 

Another objective of the present invention is to provide a high speed communications system having , a date 
through *a7s easily controllable and expandable, so that the performance range of such system can be corded 
to anySctional percentage of total bandwidth available in a transmission channel, up to and indudmg full bandwrfth 

1,56 tellST^ve of the present invention is to provide a h igh speed communications system that is modular so 
that forvSo^mpatible and expandable functionality can be incorporated flexibly and wrth a mm,mum of effort on the 

^7etVf^^^ a system mat is compatiWe with highspeed protocols used in ADSL butwhich 

is else " iSly adaptable to support preexisting high level data protocols, including those presently used for controlLng 

^A^uXTSS'S mf p^em invention is to provide a high speed communications system that self-calibrates its 
nwn nerformance level based on the processing power available to such system; 

SeTobSi^of the present invention is to provide a high speed communications system that permitea. user to 
peXmance parameters of such system using conventional persona, computer hardware, software and 

^A^ef^ct of the present invention is to provide an interface between a host operating system and a high 
soeed communications system that provide forward compatible and expandable funct.onal.ty; 

* Xi^SonaTaim of the present invention is to provide an improved system for concurrent contrd of conventual 
voice data traffic on a POTS channel, and upstream/downstream communications on separate sub-channels; 

£1 Sets and others are accomplished by providing a communications system that ^»>"*P™» 
device to receive selected data within a narrow bandwidth from an upstream transaever wh.ch can and. ormaJlytfans^ 
Ss a Lme^ndwSh analog data transmission signal through a connected channel. A channel interface arcurt AFE 
-moSe^e^^ 

m^SucTna^onTend complexity. A digital signal processing circuit then extracts the selected data from his limited 
wSch is signif icarrtly easier to process than a full bandwidth digital signal. Feedback .nformat.on .s pro- 
*M Sckt £ ^ upieam transmitter which causes the upstream transmitter to transmrt dc^stream data thereafter 
only\i2.Vthe SJedbandwidth of the front end. and not the full bandwidth. This feedback .nformat.on contam^- 

Tthte n^n e r m f ^eam franSeiver is trained to accommodate the lower rate downstream transceiver m a manner 

^ ra^eferSSertSarS analog data transmission signal is comprised of a number of DMT 
m Jul^tbSannS. and an anti- aliasing filter on the front end of the the 

onlv a limited number of such sub-channels are processed by a DMT signal processing core. The feedoack .nto maton 
SLsTrt non SNR information for the selected subchannels, and a sub-channel blackout "mask- to eliminate 
STSntial Se of other subchannels. The feedback inforrratic* is sert by way o^ 
%££Z u^limdata transmission using a second frequency range different from the downs* 

One implementation of the aforementioned high speed system is in a personal M"***^.**, "Jj 
nrocesSnacanloe ^complished using a processor within such computer, which in a preferred embedment .s an X86 
4. S3 pTc^^Zther inplementkon of the aforementioned high speed system uses a ^icated agna. proc- 
SsTfoVdem^ating the selected sub-channels. This cuts down on processing overhead requ.rements for a host 
ScSs^ng s^mfnSrporating the system. In such implementations the portion of the downstream data transm.ss.on 
to^o^Sfor rJSctra^on can be configured by a user of such systems, or alternatively, it can be dynam^l* 
deSmiStased on an evaluation by the digital signal processing circuit of performance charactenstics of drfferent 
45 oortions of the frequency spectrum within the bandwidth potential of the upstream transceiver. 

P Another Nation. "tSdata rate of a system such as described above can be ^^^SS^J^Z 
an actional second limited frequency bandwidth portion of the total available downstream bandw.dthjn a preferred 

emb^ 

end section each of which passes a different frequency bandwidth port.on. By making the analog front end modular^ 
the derate the overall system can be scaled in a controllable and cost-effective fashion. At me same tome, each 
alS f rS eXrtion can be operated at a slower sampling clock and smaller dynamic range. Th.s results .n a more 
relaxed soeed requirement and smaller quantization noise at a given number of bits per sample. 

^TeTenrdtsdosure also includes an interface to an operating system, to facilitate controlling the high speed 
communicaTo^ system when it is incorporated in a personal computer system. This interface ^esthat the ^e^- 
mTsTstem treats such communications system essentially the same as other pnor art voice band modems, and ir. a 
ZTi emoodimert is a device driver for the Windows NT operating shell. F.nally. the present disclosure also 
dSH inTpSns program which permits a user of a personal computer to control the performance character- 
S^nThJ? sptS ^communications system by setting certain system parameters when such system « incorpo- 
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rated in a personal computer system. This program includes an auto calibration routine for setting such system 
parameters, or alternatively a user of such program can tailor the settings subject to confirmation of the efficacy of such 
settings based on an evaluation of the processing power available to such user. 

Although the inventions are described below in a preferred embodiment implementing the ADSL standard, it will be 
£ apparent to those skilled in the art the present invention would be beneficially used in any high speed rate-adaptable 
applications. 

It should be noted that while some prior art devices also have limited mechanisms for achieving a reduction of nom- 
inal or peak transmission speed in a channel, they only activate or implement such mechanisms as a fallback response 
to a failure in the channel, or because of a transmission rate reduction in the upstream transceiver. Unlike the present 

to invention, such prior art modems, during an initialization process, attempt to establish the highest possible transmission 
rate achievable by the channel and the upstream transciever. In other words, any rate reduction imposed by the down- 
stream modem is typically considered an unintended and undesirable side effect of bad channel characteristics, and 
not a desirable and intentional design target as set forth in the present invention. In addition, the data rate reduction in 
such modems is accomplished primarily by varying the number of bits per baud (hertz) at a fixed frequency, and nor by 

75 controlling the overall frequency spectrum of the downstream data transmission. Moreover, in such prior art systems, 
no effort is made to measure, identify or use an optimal portion of the usable bandwidth or set of transmission sub- 
channels. Instead, such prior art systems typically use whatever available bandwidth or sub-channels happen to be 
usable at that instant in time. 

Similarly, while a fixed 300 baud rate downstream modem can work with an upstream 33kbs rate modem this 

20 arrangement is also unlike the present invention. This is because, again, the bandwidth reduction in such prior art 
device is so large that it is considered commercially unusable by today's standards. Furthermore, the smaller bandwidth 
modem is not compatible with, and does not support, the higher protocols of the higher bandwidth modem, which is also 
undesirable from an implementation standpoint. Stated another way, unlike the present invention, the lower end modem 
limitations of prior art system force the data link to be set up using a low level protocol that does not take advantage of 

25 the full capabilities of more advanced protocols. 

Finally, there is no mechanism for users of either of the prior art systems noted above to expand the functionality 
of such modems in a controlled, flexible, and modular manner. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 

Figure 1 is a pictorial depiction of the ADSL/DMT bandwidth allocation for upstream and downstream data in a 
channel based on frequency division multiplexing (FDM) configuration. 

Figure 1 6 shows the relationship between a sub -band filter and an analog to digital converter that can be used in 
an analog front end (AFE) of the present invention ; 
35 Figure 1 C is a pictorial depiction of a SNR curve for a typical subscriber loop channel using sub-channel modula- 
tion; 

Figures 1D - 1G are mathematical modellings and charts that further explain the underlying physical premises of 
the present invention based on DMT ; 

Figure 2 is a block diagram of a general implementation of a communications system employing the present inven- 
40 tion, adapted for use in an ADSL environment ; 

Figure 3A is a block diagram of a dedicated hardware implementation of a communications system employing the 
present invention, also adapted for use in an ADSL environment; 

Figure 3B is a block diagram of a mixed hardware an d software based implementation of a communications sys- 
tem employing the present invention, also adapted for use in an ADSL environment; 
45 Figure 4 is a block diagram depicting the general structure of the data pump device driver used in the mixed imple- 
mentation shown in Fig. 3; 

Figure 5 is a flowchart depicting the general operation of the control and application interface used in the mixed 
implementation shown in Fig. 3 ; 

Figure 6 is a block diagram of an implementation of a communications system employing the present invention, 
so also adapted for use in an ADSL environment, in which it is depicted how a user can modularly expand throughput 
capability by adding additional AFE stages to process a greater percentage of the available bandwidth in the chan- 
nel. 

DETAILED DES CRIPTION OF THE INVENTION 

55 

While some of the concepts set forth immediately below are well-known, a brief explanation of ADSL technology is 
provided with reference to Figure 1 to facilitate an understanding of the present invention. As explained above, it is well- 
known in the art to use DMT to effectuate the ADSL standard. In contrast to most modulation schemes, such as AM/FM 
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transmissions that use one carrier. DMT uses multiple carriers to transmit data bits. ^f??, 
aids specify an up to 255 channels for downstream transmission from the central ofi.ce to subscribers and up to 31 
cnTnSrto upstream transmission from subscribers to the central office. As shown in Rgure 1. eachcamer has a 
So^Shrt^SkHz Thetotalbandwidthis1.1 MHz for a total of 255 channels. In the upstream direcbon^a pilot 
££££ ^mate range of 69 kHz. is used for maintaining timing synchronization. A similar plot tone .s transmrt- 
ted in the downstream direction in the vicinity of 276 kHz. 

Since upstream and downstream transmissions are over the same 2-pair twisted wire, they need to be separated 
bv erfterec^clncellation (EC) or frequency division multiplexing (FDM). Echo cancellation allows sin^teneous trans- 
mi^s^ teSdSSons but requfres a complex echo canceler implementation. On the other hand. FDM uses two 
T^i^^^S^ downstream and upstream transmission, As shown in Figure ^he^stream 
SaremTsS uses subchannels from channel number 6 to 31. and the downstream transm.ss.on uses subchannels 
tmm S nu^ir 41 to 255. While the remainder of the discussion below focuses on an system employing FDM rt 
Tbfwrt^ed by those skilled in the art that the present invention is adaptable and can be used benef .cal.y w-th 

~ h ^m^ t- transmission b* rates tor both upstream and downstream comm. 

ni JSiln ADSL are not fixed but instead are determined by the quality of the channel. In the presen invention a 
techniques can be used advantageously for setting up the initial data link In general these tech- 
nS^vSrk as fol^ws: duri^ inrtia.ization, the channel quality is measured and a certain data rate (typically a number 
Srassigned for eachDMT subchannel; thereafter, a "hand-shaking" process is used to dynamically and adap- 
L.Xn^eW°oadings (and energy levels). The latter is often necessary because (among other things), Ranges 
n^v occt.Mn the overall channel characteristics, changes in the target bit rate may be needed, or new brt distributions 
inlhoc . .h-rhannels mav be required because of degradations in one of the sub-channels. 

Th response can be measured by the received signal to no.se (SNR) ratio. According 
to m^hanS theorem the upper lirnitrt the number of bits r^runft Hz that can be transmWed is 1^ 
to^by mea^ringTe eceivS SNR at the receiver end. one can determine the number of bte aHocated for each 
su^^ The total data throughput race achieved by the system, therefore, is s.mply the sum of all the 

^SSetEl^la*. data b*s are grouped and processed every 250 psec. The number of 
bits t^caX pressed over one such time frame is the summation of the bits allocated for each ^bcharnel deter- 
30 mlneSrom the previous channel response measurement. For a given number of bits assigned to a certain subchannel 
quaSlrT arr^rtude modulation (QAM) is used to convert bits to a complex value. wh.ch is then modulated by the 

s nTar;^ 

The general circuits used in prior art ADSL systems, the specifics of the bit/energy loading process for *e sub-chan- 
n* *Swt tuning process, and the details of the modulation of the sub-channels, are well-known in the art. and 
wf nS be d^S! Z length herein except where such structures or procedures have been modrfied .n accordance 

^riVSl^^date throughput of a typical P rior art ADSL standard transceiver approaches 6 Mtps which 
is mae than 2^o times the speed of conventional analog modem technology. This requirement was .mposedsmcea 
irintheirttia. motivalonto implement ADSL was to achieve high speed multimedia c^municat.ons^deo 
Referencing. Nevertheless, a large number of potential users do not want or need to have «*^>"£"£ 
caSX For example, many potential users of ADSL (or similar high speed loops), including ™ny *£o are -"ten^ng 
S^se sucMinte primarily for Internet access, only need to achieve downstream transmission speeds tha are in the 
hundre^s S mu£ per second range. This data rate is in fact achievable using only a fraction of the avertable band- 
w^rth o^ ADSL. By processing only a fraction of the available bandwidth of the ADSL standard, the ™£« 
Znits a limited but extremely useful ADSL modem to be implemented with significantly less expense and cornplexrty 
K^etiousVpossible. At the same time, because the present invention has modular charactenstics^the proposed 
ClemSon SK* present invention affords users an easy path to forward and upward expansion of the overall func- 

so ^The prSSU^rnd this aspect of the present invention is as follows: As shown in Fig. 1 B. « the transmission in 
the *anneHs n^ctedlo a sma^r bandwidth by an anti-aliasing fitter 80. according to the Nyquist sampling theorem. 
Se ^mptg raTe of AFE devices (such as ADC 81) that perform analog to digrta. conversion can be s^cantiy 
relied Specifically if the total downstream bandwidth is limited to some fractional total B Hz (in a preferred embodi- 
mt^utir^ m£K an ADSL environment. B = 20 DMT channels or about 86 kHz) as shown below, we can ton* fee 

55 SSXirii to around 180 kHz. This is achievable with ADCs having greatly simplified hardware .and reduced 
pe^cTSuirements. in contrast to the full ADSL bandwidth approach, which processes 200 DMT channels or 
900 kHz in the case of full ADSL implementation. 

The iota! accumulated bit race of an ADSL communications system using the present invention can be calculated 
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as follows. Suppose a total number of k subchannels (out of a total of M possible) are to be supported and each channel 
is allocated bits for transmission. The total accumulated bit rate (R) is: 

R = ( Z j=1 k b j) * 4 kHz (bits/sec) 

5 

where 4 kHz is the framing race defined by T1 E1 .4 ADSL standards. If k=20 channels and the average number of bits 
per channel is 6, then total bit rate (R) is approximately 480 kbits/sec. It can be seen that this fractional use of the ADSL 
bandwidth nevertheless provides about 9 times the performance of a conventional analog 56 kbits/sec digital modem. 
The benefits of this approach of the present invention are apparent The overall performance and cost of a high speed 
io communications system can be scaled and controlled in direct relationship to the particular needs of particular users. 
In general, the data rate supportable by (and the relative cost of) any particular implementation of the present invention 
is generally determined by two factors: (1 ) the capacity of the AFE; and (2) the capacity of the hardware performing the 
DMT 

The capacity of an AFE is generally measured by the maximum sampling speed it can achieve. As explained 

is above, the sampling speed in turn determines the upper limit of the frequency band B (in kHz) that can be obtained. At 
the defined channel separation of 4.31 25 kHz for ADSL, the total number of subchannels that can be supported is less 
than or equal to B/4.1325. A suitable ADC can be selected, therefore, based on the particular data rate and cost 
requirements of any particular user. 

The other factor that iimi ts the number of subchannels (and achievable data rate) is the processing power available 

20 for DMT modulation and demodulation routines. For example, a variety of performance levels (achievable data rates) 
are possible with well-known dedicated signal processing hardware, such as digital signal processors, as discussed in 
more detail below with reference to Figure 2. Alternatively, as shown in Figure 3, if such routines are implemented pri- 
marily by software and run by a host CPU, the required processing power (MIPS) generally increases directly as func- 
tion of the number ol subchannels that need to be processed. This is because, in general, most of the processings are 

25 done in serial, or a channel by channel basis. As discussed below in more detail, the present invention makes use of a 
"calibration" routine for estimating the total available processing power of a users computing system in order to set an 
upper limit of the total subchannels that can be supported. 

Irrespective of the selection of the particu lar AFE or signal processing technique used, however, another useful 
(but not essential) aspect of the present invention is that the sub-channels with the largest signal to noise ratio <SNR) 

30 within the passband are selected for data transmission. In other words, in the preferred embodiment of the present 
invention, those k subchannels within the passband that support the largest number of bits are used for processing. As 
seen in Fig. 1 C, for example, a standard two-are subscriber line typically has a SNR curve that exhibits extensive atten- 
uation with higher frequencies. It can be seen roughly in this figure that while there are more than 200 sub-channels 
provided for downstream transmission in ADSL, it is typically the case that 50% of the maximum data rate can be 

35 accomplished using only a much smaller percentage (than 50%) of the sub-channels. This fact is especially useful in 
considering some of the shared/ multi-channel bandwidth embodiments discussed further below. 

The present invention, therefore, permits an implementation for a high speed data communications system that 
makes use of the best portion of the channel, while still being upwardly compatible and forward expandable. By these 
terms, it is meant that a system constructed in accordance with the teachings herein is completely compatible with a 

40 fully implemented version ADSL DMT modem. Moreover, it will be apparent to those skilled in the art that appropriate 
modifications specific to the channel and data link protocols and standards can be made so that the present invention 
can be advantageously employed in non-ADSL environments as well. Upward compatibility and forward expandability 
refer to the fact that systems constructed with the present teachings can have data rates that are easily upgraded while 
still preserving and maintaining compatibility with existing standards. For example, lower end users desiring less band- 

45 width can achieve a satisfactory performance with a minimum of cost, and can then upgrade the performance levels of 
their systems at later time by suitable (and preferably modular) upgrades of the AFE and signal processing hard- 
ware/software. 

A system constructed in accordance with the present teachings is completely compatible with the full ADSL stand- 
ard because of the following two aspects: According to the rate adaptation feature specified by the T1 E1 .4 ADSL stand- 
so ards, the bit rate for each sub-channel is determined initially (and preferably dynamically on an ongoing basis) by the 
sub-channel SNR analysis. Specifically, an ADSL downstream receiver can inform an upstream ADSL transmitter about 
the quality of the transmission; the receiver can also decide the bit rate for each sub-channel. Therefore, a downstream, 
partial-channel bandwidth receiver using the present invention can (based on the speed and passband of such 
receiver) supply an upstream, full-standard ADSL transmitter with information or control signals to effectuate a trans- 
£5 mission only in selected sub-channels. In particular, in a preferred embodiment, the upstream ADSL transmitter is pro- 
vided with SNR information for sub-channels outside the passband that is artificially contrived so as to suggest to the 
upstream transmitter that these sub-channels are not usable. In this manner, the downstream transmission is limited to 
a certain number of subchannels within the AFE and signal processing capabilities of the receiver. It can be seen, nev- 
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ertheless, that this scheme is completely transparent to the transmitter, thereby permitting a system built in accordance 
with the present teachings to be fully compatible with the ADSL standard. While not possible at this time within the 
ADSL standard, it is apparent that other high-speed data protocols may use a control signal, instead, to provide for 
express limiting and control of the identity of the sub-channels transmitting information. 
5 As the technology improves for AFE devices and DMT implementation, the number of subchannels supported by a 

system using the present invention can increase. As a result, such systems can upgrade completely to a full T1E1 .4 
ADSL implementation using a single higher end modular replacement APE devices, or alternatively, a number of lower 
end modular AFE devices. 

io GENERAL EMBODIMENT OF PRESENT INVENT/ON 

The basic structure of the present inve ntion is depicted generally in Fig. 2. In general, the present invention can be 
embodied in different combinations of hardware and software. The primary difference between these embodiments is 
the specific implementation of the DMT core. These specific embodiments are described in more detail below with ref- 

75 erence to Figs. 3A and 3B. 

The structure and operation of ADSL transceivers is well-known in the art, and for that reason the present descrip- 
tion primarily details those aspects of such transceivers which are necessary to an understanding of the inventions 
herein. As seen in Fig. 2, a channel 1 00 is made of a regular copper wire "loop", and each such loop may have differing 
electrical properties, transmission lengths (sizes), varying attenuation characteristics, and a number of impairments or 

20 interferences. Splitter 210, a conventional and well-known circuit, separates a DMT signal occupying more than 200 
sub-channels from a lower end 4 kHz POTS analog signal. The latter can be used for simultaneous voice or conven- 
tional analog modem. Hybrid circuit 220 is also well-known in the art, and consists primarily of conventional transform- 
ers and isolation circuitry used in a wide variety of high-speed devices interfacing to standard telephone lines. A ring 
detect logic circuit 290 can also be implemented using accepted techniques, to alert a Control Interface 295 to the exist- 

25 ence of a transmission signal originating from an upstream transceiver (not shown). 

The full bandwidth signal is either low passed or bandpass limited to a frequency width B by suitable, well-known 
techniques as it passes through bandpass Filter and Analog/Digital Converter 280, so that only a fraction of the signal 
in the frequency domain is passed on to Buffer and DMT Receive Core 260. Again, the only important consideration for 
Subband Filter 280 is that it must constrain the bandwidth of the incoming signal to be < B, where the sampling rate of 

30 the Analog/Digital Converter is £ 2B. This can be accomplished by using well-known filter designs. By suitable selection 
of circuitry for Filter and ADC 280, the overall system cost and performance can be scaled accordingly. In a preferred 
embodiment, the signal passed through niter and ADC 280 occupies a spectrum between approximately 200 and 400 
kHz. This selection is based primarily on an expected average performance of a typical two-wire line. It will be apparent 
to those skilled in the art that different bandpass widths and regions may be more suitable or optimal for other kinds of 

35 data links, or other kinds of multi-carrier modulation schemes. 

Moreover, in some instances, while it is somewhat more expensive to implement, an adaptive or tunable filter may 
be substituted, such that the target frequencies of the passband are adjustable uniquely for each new data link. In such 
cases, the bandpass can be configured to coincide with the sub-channels having the highest achievable SNR, including 
the subchannels that must be supported for protocol or other system overhead reasons. Also, in some applications, the 

40 analog-to-digital conversion may be performed by a digital signal processor, or by the host computer and therefore, the 
sampling rate can be dynamically controlled and matched to the bandpass target frequency and frequency breadth. 
This feature, in turn, would assist dynamic scaling of the data throughput based on system computing power and over- 
head requirements. 

Furthermore, in this preferred embodiment, using a multi-carrier approach implementation for ADSL, a pilot tone at 
45 276 kHz must be allowed within the passband. It is apparent that other protocols may require similar pilot tones, and 
the design of comparable filters to achieve the functionality of Filter and ADC 280 is well within the ordinary skill of one 
in the art. 

DMT Receiver Core 260 is generally responsible for monitoring and measuring the SNR of the sub-channels falling 
within the frequency range passed by FILTER and ADC 280, and for extracting the original data stream from the numer- 

so ous sub-carriers. In a preferred embodiment, Control Interface 295 receives system configuration information from a 
host 298. This information may contain such parameters as target throughput rare R, target error rate, target center fre- 
quencies F for FILTER and ADC 280, target frequency width B. etc. By evaluating the SNR and bit capacities of the sub- 
channels computed by DMT Receiver Core 260, and taking into consideration the target data rate R, Control Interface 
295 can select a number k of sub-channels up to and including the total available number M of sub-channels to carry 

55 the data stream from the upstream transmitter (not shown). The number of sub-channels that can be used for carrying 
data is directly related to the bandpass frequency B as described above. In a preferred embodiment, M = 200+ (ADSL) 
and Control Interface 295 will usually configure k = 20. 

For every sub-channel other than the selected k sub-channels, a "mask" or blackout control/feedback signal is gen- 
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erated and transmitted by DMT Tx Core 250. Buffer 260 and DAC 230 to the upstream transceiver. This ensures that 
any subsequent data transmissions by the upstream transceiver only use the selected k sub-channels. This feedback 
information is provided, therefore, irrespective of the transmitting capacity of the upstream transceiver, and even during 
times when the channel 100 is capable of supporting more than k sub-channels. In this manner, the present system is 

5 perceived by upstream transceiver to be compatible with protocols and performance characteristics of the upstream 
transceiver, because the upstream transmitter receives feedback information indicating merely that the two systems are 
connected through a channel with substantial signal attenuation characteristics for data signals outside the k sub-chan- 
nels. Based on the inherent rate adaptiveness of ADSL and other similar protocols, the upstream transceiver will auto- 
matically train itself to use orily the k sub-channels predetermined by the downstream transceiver. It should be noted 

iq that the DAC 230 and Buffer 240 in the front end transmitting circuit preferably transmit any upstream data transmis- 
sions using a second frequency bandwidth different from that of the downstream data transmission. However, this is not 
necessary in systems using echo-cancellation. Furthermore, in ADSL applications, the size of this bandwidth is consid- 
erably smaller, and uses only L sub-channels, where L < M. In other xDSL applications, L may be on the same order or 
larger than M. 

75 Again, while the ADSL standard fixes the data error rate to be 1 0 ~ 7 , it is conceivable that other applications of the 
present invention may tolerate a reduced error rate. For example, if maximum data throughput is required (i;e., the mar- 
gin is less constrained) then the largest bit capacity sub-channels within B can be selected. Alternatively, if the system 
is error-performance driven and has more relaxed throughput requirements, than the 20 subchannels with the best mar- 
gin are selected. A suitable combination of sub-channels can be selected by one skilled in the art based on the partic- 
le ular system requirements which may vary from application to application. Moreover, Controller Interface 295 may 
optimize the desired sub-channel mix dynamically depending on the type of data transmitted in channel 100. For exam- 
ple, streaming audio or video, or pictorial graphics, may require less integrity and error performance than other kinds of 
data used by n applications programs running on host 298. The specifics of the structure, operations and techniques 
used by Controller Interface 295 are not constrained by any requirements of the present invention, and can be imple- 
25 merited in various ways well-known to those seed in the art. 

The operation of the remainder of the circuitry shown in Fig. 2 is also relatively straightforward and not unlike a typ- 
ical multi-carrier modulation system. Control Interface 295 ensures that DMT Transmit Core 250 performs bit and 
energy loading only for those sub-carriers necessary to effectuate a selected host throughput rate/error rate combina- 
tion. As with the circuitry used for Filter ADC 280, the circuitry for performing the functions of DAC 230 can be imple- 
30 mented in programmable form to allow for greater flexibility. 

Finally, while not presently supported in ADSL protocols, it is nevertheless possible that the filter in block 280 can 
be eliminated entirely in some applications when the sub-channel or downstream transmission frequencies can be con- 
figured through appropriate handshaking or similar procedures. In other words, if the upstream transmitter can be con- 
figured to transmit using only a portion of the bandwidth available in the channel, the advantages of the present 
35 invention can still be realized, because the ADC portion of block 280 can still be relatively less complex, since it will be 
processing at a much slower sampling rate than that required for a full spectrum implementation. Moreover, such an 
implementation would also yield the same commensurate savings in the DMT processing core, and reduced quantiza- 
tion errors. 

Some special features of the present invention include the fact that: 

40 

(i) unlike hardware architectures implementing a full TIE 1.4 ADSL standard, the present invention uses a filter in 
the front end. As mentioned earlier, the use of this filter is to allow low speed sampling by the ADC. If suitable hand- 
shaking between the upstream and downstream transcievers can be effectuated to generate a reduced downt- 
stream transmission, the filter can be eliminated. 

45 (ii) standard ring detection logic is incorporated to support existing modem features; 

(ii) DMT Rx core 260 is basically implemented the same way as specified by T1 E1 .4, but with some important dif- 
ferences, specifically: 

[a] due to subband filtering and lower speed sampling, the frequency channels at the output of FFT (not shown) 
50 in the DMT Rx Core have a frequency shift 

[b] Since not all 256 subchannels are necessarily supported by the DMT Rx Core 260, actual FFT implemen- 
tation can be smaller, simpler and more cost-effective; 

(iv) Control logic 295 permits the system to behave essentially like a conventional analog modem, and is used to 
55 support necessary setup tasks such as dialing and handshaking; 

(v) The use of limited bandwidth from the downstream channel reduces the need for echo-cancellation circuitry, 
because there is less need for overlap between the upstream and downstream transmissions, and this further 
reduces system complexity and cost; 
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(vi) Because a smaller portion of the spectrum is processed by the present invention, the peak-to-peak deviation of 
the downstream signal is reduced, and this helps to minimize quantization errors. 

DEDICATED HARDWARE BASED EMBODIMENT 

5 

Figure 3A illustrates an embodiment of the present invention that can be g enerally described as a dedicated hard- 
ware implementation. For the present discussion of Fig. 3A, it can be assumed that those circuits having like numbered 
references are the same and/or perform the same function as their counterpart in Fig. 2. For example, unless otherwise 
indicated, there is no material difference between Splitter 210 (Fig. 2) and Splitter 310 (Fig. 3A). 

io In this embodiment, the DMT sub-channel modulation core is implemented completely in dedicated processing 
hardware. For thin appliction, DMT Receiver Core 260 typically includes a digital signal processor (DSP) (not shown) 
and including on-board program ROM (or other suitable memory) for storing executable microcode routines for perform- 
ing bit, energy and SNR measurements of the carriers in the sub-channels. In such an embodiment due to the power 
of the DSP, there is typically no need for processing assistance from a user's host processor 398. This embodiment 

75 therefore may be advantageously employed where host processing power limitations are a consideration. 

A user of a system shown in Fig. 3A can expand the functionality (i.e., data throughput rate and modem features) 
of such system by upgrading the DMT Receiver Core 260, and where necessary, the AFE 280 as well. The system of 
Fig. 3A can be incorporated on a typical printed circuit board. By mounting or packaging the circuits used in such blocks 
in an accessible fashion, they can be replaced or supplemented much in the same way present users of personal com- 

20 puters can upgrade their motherboards to include additional DRAM. One practical alternative, for example, would be to 
have multiple available slots to accommodate new subband pass filters for passing a greater portion of the downstream 
transmission to be processed by the DMT core logic. Other practical and simple variations of this approach will be 
apparent to those skilled in the art. 

25 PARTIAL SOFTWA RE BASED EMBODIMENT 

In the above dedicated hardware embodiment, the overall speed (data throughput) can be maximized but with less 
flexibility for upgrades. This is because upgrades to such a system must take the form of hardware replacements, which 
can be more costly and difficult for the user to incorporate. On the other hand, as depicted in Fig. 3B, a number of impor- 

30 tant functions of a communications system can be completely implemented in software, in an analogous fashion to what 
is commonly described in the art as a "software" modem. In this case, the ova-all speed of the system depends on the 
user's processor power available at host 398, and only the AFE portion need be implemented in hardware. 

The primary differences between the embodiments of Fig. 3A and 3B are the following: (1) implementation of DMT 
modulation; (2) implementation of the control and handshaking functions; and (3) implementation of the control inter- 

35 face. As seen in Figures 3B and 4, DMT Receive Core 460 and DMT Transmit Core 450 are implemented in a data 
pump device driver by the host system 398. In a preferred embodiment, host system 398 includes some form of multi- 
purpose microprocessor (such as an x86 type processor) running a suitable operating system (such as Windows by 
Microsoft), and is capable of executing suitable low level drivers for the DMT modulation (Fig. 4), as well as high level 
application software for implementing Control Interface 500 (Fig. 5). Host processor system 398 communicates over a 

40 standard bus interface 385 (i.e., a PCI bus) to Front End circuitry 396 for implementing a high speed modem. As with 
the circuitry in conventional analog modems, this circuitry of the present invention can be effectively incorporated on a 
PC motherboard (i.e., Bus Interface 385 and Front End Circuitry 396 can be merged so that they are essentially part of 
host system 398) or on a separate printed circuit board , or as a stand-alone unit physically separated from host 398. 
While this approach may not provide as much throughput performance, it has the advantage of being less expensive 

45 than the pure hardware approach of Fig. 2, and much easier to upgrade. 

In the "software" modem implementation of Fig. 3 using a typical PC running Windows, the DMT Tx core 450, Rx 
Core 460 and Control/Handshaking logic are implemented as a Windows Data Pump Device Driver 400, which consist 
of DMT routines, associated control and handshaking codes, and an interface to kernel 480. 

A more detailed characterization of a portion of host processing system 398 is depicted in Fig. 4, which illustrates 

so a preferred embodiment of a device driver 400 as it would be constituted for a computer operating system shell 480. In 
the present embodiment, Microsoft Windows NT is considered, but it is understood that other comparable environments 
may be used, including UNIX, Windows 95, etc. As is well-known, operating system 480 is responsible for supervising 
and controlling the operation of processing system 398 and all of its associated peripheral devices. Operating system 
480 also includes various interactive control and graphical application interfaces (Fig. 5) for permitting a user of 

55 processing system 398 to run various applications programs, and to set up, control, configure, monitor and utilize 
peripheral devices such as disk drives, printers, monitors, modems and the like. 

To assist operating system 480 to interact and control such peripheral devices, it is also well-known to use device 
drivers, which are essentially low-level hardware routines executed by a host processor and operating system. A device 
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driver is a memory image file or executable file that contains all the code necessary to instruct a host processor to inter- 
face and drive a particular device within a computing system. Device driver 400 acts as an interface between an oper- 
ating system 480 (in this case. Microsoft Windows NT) and hardware 396. In this case, for example, device driver 400 
supports hardware 396 (see Fig. 3B), which is embodied in a typical printed circuit board (or external device). The 

s teachings herein therefore provide for a new device driver that in combination with hardware 396 operates as a "soft- 
ware" modem. In this manner, operating system 480 classifies this combination as an ADSL modem, or in other words, 
another typical personal computer peripheral device, analogous to conventional voice-band modems. 

Generally speaking, device driver 400 works as follows: a user of processing system 398 desiring to establish a 
data link to a remote site for transmitting/receiving data initiates such link through an application program (Fig. 5). Oper- 

io ating system 480 (Fig. 4) interprets and services this request by passing control of this task to device driver 400. which 
first generates appropriate instructions for a Device Initialization 440. In a preferred embodiment, Modem card 396 is 
initialized through Bus Interface 410 using conventional voice band modem control commands, so that the present 
invention is compatible with preexisting applications programs written for controlling modems using operating system 
480. Similarly, therefore, control and data signals are interpreted and transmitted by operating system 480 to a Serial 

is Port Interface 475 so that conventional modem dialing instructions and handshaking signals can be imparted to Modem 
Card 396 to establish a link through channel 100 to an upstream conventional ADSL transciever (not shown). As 
explained above, after suitable handshaking protocols have been completed, the upstream fully compatible ADSL 
transceiver will begin transmitting data on all available M usable sub-channels. This downstream data is filtered by FIL- 
TER/ADC 380 and at this time, information for only N sub-channels (N<=M) is temporarily held in Buffer 370. At or 

20 before this same time, an interrupt is generated by bus interface 385 and passed through device driver bus interface 
410 to alert Interrupt Service Router 415 to the existence of downstream data requiring processing. Thereafter, DMT 
Receive Core 460 begins processing the downstream data stream in response to control information from ISR 415. A 
demultiplexer 465 extracts and correlates the data in the various sub-channels before passing it on to Serial Port Inter- 
face 470, and back to Operating System 480. In this manner, Device Driver 400 coordinates with Modem card 396 to 

25 effectuate a sofware modem whose performance is directly correlated to the computing power of a processor contained 
within the host processing device. 

As mentioned earlier, Device Driver 400 also contains control information for configuring the number and selection 
of sub-channels to be used in the particular data link established through channel 100 with the upstream transciever 
during an initialization process. As also mentioned above, this control information may be self-determined by a user of 

30 host processing system 398, or alternatively, automatically sensed and monitored by such processing system, based 
on a computing performance rating for such system determined in a calibration routine. In either event, during the ini- 
tialization process (and at all times subsequent) the upstream transceiver is induced to use such sub-channels only for 
the ensuing data transmission. This is accomplished by transmitting SNR information that is interpreted by the 
upstream transceiver as zero for all but K £ N of the sub-channels of the driver selection. This data is passed under con- 

35 trol of Operating System 480 through Serial Port 475, Framing control 455 and DMT Transmit Core 450 before being 
sent out to Modem Card 396 and channel 100. 

It is understood, of course, that ADSL Modem 396 can also respond to a request from a remote modem for initiating 
the data link. The process for initializing the link, nevertheless, is essentially the same as that described above. Device 
driver 400 can also contain control logic for supporting typical dial-up modem operations and control codes from con- 

40 ventional modem application programs typically implemented in voice-band modems, such as setting up Origi- 
nate/Answer modes, monitoring call progress, performing modem diagnostics, configuring receive/transmit buffer sizes, 
supporting facsimile transmissions, as well as performing enhanced error control, data compression and flow control 
between Modem Card 396 and Operating System 480. Device Driver 400 can also support other conventional "always- 
on" data link connections as desired, such as may be found in typical ethernet network connections, and other dedi- 

45 cated applications. 

Given the teachings of the present invention, the general design of the above Data Pump Device Driver 400 is a 
routine task well within the abilities of one skilled in the art. The specifics of such implementation are not critical or 
essential to the present inventions, and will vary from application to application according to system designer require- 
ments, so they are not included here. Again, while this embodiment of the present invention is set out in the context of 

so a PC based host processor running Windows, it will be apparent to those skilled in the art that above description is 
merely an exemplary implementation. The referenced DMT routines, associated control and handshaking codes can be 
employed in numerous host processing/operating system environments, and in a variety of different coding organiza- 
tions (high level or low level processing forms) well-known in the 

In the preferred embodiment implemented using a standard PC running Windows. Control/Application interface 

55 500 includes Win32 codes which provide standard modem utility functions and interface with Data Pump Device Driver 
400. In Fig. 5. a flowchart of the operation of the Control/Application Interface 500 can be seen which interface is dis- 
cussed in more detail below. 

Another particularly beneficial aspect of the embodiment of Fig. 3B is the provision of a self-determining "perform- 
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ance" or calibration rating that can be used to determine an optimal or maximum data throughput rate. In other words, 
the system of Fig. 3B can automatically and adaptively configure a host system 398 to a particular throughput rate 
based on an evaluation of the available computing power. In a preferred embodiment, the performance rating is deter- 
mined based on a calibration rouune executed by Data Pump Device Driver 400. This routine sets a timer, and counts 

s how many DMT frames can be processed within the given time; this gives a relative figure of merit for the particular host 
system in question. For each sub-channel to be added, one DMT frame needs to be processed within a small fraction 
of 250 fis. Therefore, by incrementally increasing the sub-channel count, the overall effect on total system processing 
overhead can be determined. Control/Application Interlace 500 provides the user with control to set a threshold of avail- 
able host power for implementing the high speed link. Based on this threshold of available power (which can be nomi- 

10 nally set to 20%) the number of subchannels that can be supported can be gleaned very quickly. 

In view of current technology, when DMT processing is implemented in software, the host processing power is more 
likely to be the limiting factor than the frequency band of the subband filter 80 in Figure 1 B. Nevertheless, because host 
processors (and especially microprocessors) are evolving in performance at a fairly rapid rare, the present invention 
affords users an opportunity to realize a high speed data link with performance that is controllable, and which improves 

is whenever there is an upgrade in the host processing system. Since many typical present day personal computer sys- 
tems have easily accessible and replaceable host processors, users of the present invention can easily and flexibly 
expand and enhance the throughput and functionality of an ADSL modem. 

An example of the flow chart for an ADSL mo dem application/control program 500 designed in accordance with 
the present teachings is shown in Fig. 5. With the teachings herein, a user of host processing system 398 can, for the 

20 first time, dynamically control a forward compatible and expandable modem, such as an ADSL modem, using modem- 
control applications software that is analogous to that only previously available for voice band modems. In a preferred 
embodiment, ADSL Modem Card 396 is automatically detected by Operating System 480 and set up by initialization 
routine 505 by Modem Device Driver 400. A separate detection routine 510 determines whether or not ADSL Modem 
Card 396 has been upgraded with an additional AFE (as described generally with reference to Figure 6 below), or alter- 

25 natively whether a processor used in a host system has changed. The purpose of this step is primarily to determine 
whether entries in a Device Parameters Table 560 need to be updated because of changes in computing power, front 
end capabilities or other parameters that may necessitate a modification of the data throughput characterization of the 
overall system when used in a communications mode. 

A calibration routine 520 is then executed to determine the nominal setup parameters for the overall system in the 

30 manner described earlier. The results from this operation are stored in Device Paramater Table 560 where they then 
become accessible to vanous application programs that may make use of ADSL Modem Card 396 and Device Driver 
400. The information stored in table 560 can include any or all of the following (a) measurements of the computing 
power available to the host processor; (b) measurements of the number of frames processable by the system within a 
particular time period; (c) estimations of the expected loading on the processing system based on demands of other 

35 applications programs and peripheral devices; (d) minimum and maximum data throughput estimations and/or targets; 
(e) data identifying the type of host processor; (f) data identifying the number and type of AFEs in ADSL Modem card 
396; (g) estimations and/or target system loading rates available for a datalink (i.e., maximum available processing time 
to be used by the system during data transmission); (h) data transmit and receive buffer sizes; ( i) interrupt or similar 
priority data for the modem card; (j) estimations and/or target system sub-channel utilization; (k) estimations and/or tar- 

40 get system sub-channel bit capacity information ; etc. It will be apparent to skilled artisans that the above are just exam- 
ples of the types of information that may be pertinent to the performance of a high speed communications system, and 
that other parameters may be considered depending on the environment, application, etc. in which the present inven- 
tion is used. 

After performing Auto Calibration routine 520, the results of the same are presented to the user for acceptance and 
45 verification at step 525. At this point, the user can accept the predetermined configuration data at step 526 (i.e., such 
as proposed maximum and minimum throughput rates, loading rates, etc.) and this would otherwise invoke an end of 
modem setup routine 590. Should the user not want to accept the recommended parameters, a Manual Configuration 
routine 530 is executed. At this juncture, various system performance data can be presented to the user for review, 
along with a list of modifiable system options 532. If for example, the user elects to increase the desired throughput rate, 
so a Verification routine 540 is then executed to determine whether such rate is reasonably sustainable within the other 
parameters of the system. If the new proposed configuration data is otherwise acceptable, then the Device Parameter 
Table 560 is updated, and the setup routine again ends. Otherwise, the user is alerted by a Notification/Suggestion rou- 
tine 550, which points out the failure of the proposed configuration, and, if posstole, makes suggestions to the user for 
modifying the system options 532 so that overall compliance can be achieved within the performance capability of the 
55 host processing system. The program then loops back to Acceptance routine 525, and thereafter the process is 
repeated until an acceptable configuration has been achieved, and any changes have been incorporated into Device 
Parameter Table 560. 

While some of the operational steps above are described as implemented solely by Operating system 480 and 
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Device Driver 400. it is understood that such operations occur under direction of modem applications program 500, or 
in some cases, based on initialization routines executed by the host processing system. Moreover, to simplify the pres- 
entation of the present invention, only some of the features that may be implemented are described above, and many 
other well-known operational steps normally associated with setting up or monitoring modems are omitted. 

5 As with the design of the above Data Pump Device Driver 400, the general design of the Control/Application Inter- 

face 500 required to accomplish the above functions is a routine task well within the abilities of one skilled in the art 
given the teachings herein. The specifics of such implementation are not critical or essential to the present inventions, 
and will vary from application to application according to system designer requirements, so they are not included here. 
Again, while this embodiment of the present invention is set out in the context of a PC based host processor running 

io Windows, it will be apparent to those skilled in the art that above description is merely an exemplary implementation. 
The referenced Control/Application Interface can be employed in numerous host processing/operating system environ- 
ments, and in a variety of different coding organizations (high level or low level processing forms) well-known in the art. 

MULTIPLE AFE AND LOWER SAMPLING SPEED EMBODIMENT 

15 

Figure 6 illustrates an example of the present invention wherein a user can achieve significantly increased data 
throughput using multiple low cost low sampling speed AFEs, generally designated 680A, 680 B, 680C, etc. As 
described above, these AFEs may be in separate, modular form and configured in a bank form so that they can be 
incorporated conveniently on a printed circuit board (or similar mounting) or integrated in a single IC chip. Each AFE 
20 can be implemented in a fixed hardware configuration, or individually programmed/controlled to pass a certain portion 
of the downstream data transmission. Assuming suitable processing power is available for DMT modulation/demodula- 
tion (either through a dedicated or software implementation as described above in connection with Figs. 3A and 36) a 
user of such system can achieve substantially expanded functionality by upgrades having performance characteristics 
and costs of their choice. 

25 

UNDERLYING THEORY OF PRESENT INVENTION FOR ADSL/DMT APPLICATIONS 

A discussion of the underlying theory supporting the premise of the present invention now follows. In particular, this 
section shows the mathematical foundation For the use of multiple low speed AFE's to sample a full bandwidth 
30 ADSL/DMT signal. It will be apparent to those skilled in the art, after reading this discussion, that the present inventions 
can be advantageously used in a number of rate adaptable communications environments, including CAP implementa- 
tions of ADSL 

DMT Transmitter 

35 

To simplify the present discussion, only a subset of the DMT transmitter is considered, as shown in Figs 1D and 
1 E. The combined model that includes the channel response and the DMT receiver is shown below, where only one 
branch of band-pass filtering and sampling is shown for simplicity. To further simplify, the channel response and the 
SFIR are combined together. 

40 In this subsection, we analyze the signal over one band pass filtering process. The result shows that the DMT sig- 
nals within the band pass can be recovered with the same use of impulse response shortening technique. With use of 
multiple AFE's that cover different frequency bands, all DMT subchannels can be recovered. IFFT 

In an ADSL environment as shown in Fig. 1 D, N ( A/=51 2) frequency domain variables are transformed into the time 
domain by IFFT block 60 

45 
50 

Cyclic Prefix 

c time domain variables at the end are added to the prefix of the sequence as shown in Fig. 1D by block 70 

Un)=U. c .Z. c+ 1. # ' # .Z-1.* 0 .*V B " ' .^.iWw-e. * # * ^N^Yo* ' * " ./am) 

55 

AFE/DAC 

Discrete time domain sequence are converted by AFE 75 to the continuous time domain waveform as follows: 
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*(0- Z *nPTxlt-nT e )\ 

f)t=-co 

5 where (r) is the transmitter pulse of the AFE/DAC used, and T c is the transmitter DAC dock period and equal to 

T _ 250>sec 
c ~ N+c 

io according to the DMT ADSL specifications. 
Channel 

With reference now to Fig. 1E, if the channel impulse response is h c (t) t we have 

15 

CO 

20 where p RX (t)=p TX (t)®h c {t) . 
Bandpass Filtering 

If the bandpass filter 80 has an impulse response of 

25 

CO 

h BPF (t). v(t) =. £ ZoPbpf (t-nT c ) 

n = -ao 

30 where p BPF {t)=p RX {t)®h BPF {t) . 
AFE/ADC 

Let the sampling clock be r s =7 c xL. This means a slower sampling by a factor of L for AFE 81 . Thus. 

35 

°° CO 

n = -co n b -oo 

40 For causal pulse p BPF (r), we have 

CO oo 

E ZnP B PFii*l--n)T c )= X Z *L-nPBPF"T c ) 

n = -oo n = 0 

Shortening FIR (SFIR) 

After AFE discrete time sampling, a time domain equalizer (TEQ) called SFIR 82 is used to reduce the combined dis- 
so crete time impulse response to a duration smaller than c. If the SFIR response is h SFm [n] t we have 
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10 



IS 



where 



= £^ fx. p,^ ([A±-n- iLJT, ) ^isn* [«] 



n=0 



^[WL-n] = 2 h SFi £i]p BPF akL-n-iLir c ) 

/=0 



Physical Meaning of ft fo , [n] 

If we perform discrete Fourier transform at block 84 for h tot [n], we obtain H tof [e>]= /-/ SFlR lLco]H BPF [a>] where H SF/fl 
[Leo] and H BPF [oo] are the DFTs with period l(LT c ) and l/7" c , respectively. Their spectra can be illustrated as shown in 
Fig. 1Ftor L=5. 

25 

Dropping Cyclic Prefix 

By dropping the cyclic prefix of length c/L, at block 83 we consider only s h = r H , k =0, • • • , N 1 -1 , where = N/L . 
30 FFT 

Performing FFT at block 84 for s fr , k=0, • • * ,( /WL)-1 , one obtains: 



35 



40 



45 



SO 



1 = 0 



/V,-I / OD 



^ i = 0 

A/, —I 



- jlnnk I N x 



£ i z kL - i h lo ,[i)e- jl * n(kL - i) ' N >e- J:i '" li ' Nx 

JtaO i = 0 

1 N £ i z kL - i e- i2 * nikL - i) ' N *h UM [,•]*-"««"". 

< = 0 *=0 

2 i !fe' l 3' tt . f e--' l " <tt -' ),A ''* <Bf [i>-- /? " , "' /w ' 

/=0 it =0 
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where we assume fr to , [/] is only nonzero for / = 0, * * • , c . For a given / , let us define 
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r-\UL\; 



We can then define /'=/!-/, where /'=0 L-1 . Therefore, /=/!-/' 

From the above definitions, we have 



70 



75 



20 



25 



b=0 



*=0 



Therefore, 



+ i')l/N 



30 



35 



40 



45 



50 



Since 



i = 0 4=0 



= X 

c 

- I 

i = 0 

c 

= X 

# = 0 

c 

= X 

i = 0 



i = 0 

"l-l //-I 

_ A=0 /=0 



^ e ;2n(AcL+0(/-nyA/ 



/C«=0 



= 0 when (/ - n) * mA/ 1 



we have 
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= "iX[X *^ 1+ „e y2 ''' ,B/t "|/i„ 

/=oL m= o J 
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Knowing that h tot [/] is zero for / < 0 and / > c , we have 



70 



15 



Since 



20 



25 



30 



L-l 



ix=0 Lm=0 



= \ l!*mN t + n* JWm ' L ]h m m 

= "> f 2 l [z*-r l *.« ya " r - /4 l*.,[IL-.-J.- 

i'=0|_m =0 
m =0 i'=o 



(0=2ftn/NT 



<o=2mlNT c 



o*=2mtNT r 



35 we have 



40 



45 



50 



L-l 



m«so r=o /=— • 

- Af. V r nni'm/L | y ij ( ?fn _ 2>r/ W jlicti'i L 

-^i 1 ,+« 2- e lt c L n v yvr, lt, 

L-l L-l 
m=0 / 

m=0 

N L " X 



m=0 
L-l 



m=0 



where 
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H WI [n] = jr H fw (-^n), for 0 < n< N 
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Relationship between q n and x n 

As shown in Fig. 1G if H to Jn] is a bandpass filter and nonzero only in the intervals [k(N/2L) t (k + f)(N/2L)] and [(2L-k- 
l)(N/2L) (2L-k)(N12L)l where 0 < k < L, the possible values of m that 

H /ol [m(yV/L) + n] 



io is nonzero for 0 < n < (N/L) are as follows. 
Even k 

If k is even, we can have m=k/2 and 0 £ n <{N/ZL) so that 

15 



H t0t lm(NfD + n) 



is nonzero over the interval [k(N/2L) t (k + \)(N/2L)], and m=(LA)-k/2 and (A//2L) <c n < (N/L) so that 

H fo , + «] 

25 

is nonzero over the interval [(2L-kA)(N/2L) % (2L-k)(N/2L)]. 
Odd/c 

30 If k is odd, we can have m=(k-\)/2 and (A//2L) <n < (N/L) so that 



35 

is nonzero over the interval [k(N/2L). (k + \)(N/2L)], and m=L-(k-\)/2 and 0 <c n <(N/2L) so that 

is nonzero over the interval [(2L-kA)(N/2L), (2L-k)(N/2L)]. 
The above discussion is illustrated in Fig. 1G for L = 3. 

In another variation that can be used in the present invention, similar advantages to those obtained by limiting 

45 bandwidth in the received signal in the downstream transceiver can be obtained by also optionally limiting the upstream 
data rate of the transceiver as well. In other words, the ADSL standard provides for 31 channels in the upstream direc- 
tion, but many applications do not require this amount of bandwidth. The constraints, requirements and costs associ- 
ated with the DMT modulation signal processing, and DAC 330 also can be significantly reduced by transmitting only a 
sub-set of the available 31 sub-channels. The determination of the appropriate sub-channels would be accomplished 

so in essentially the same manner as set forth above, except that the information on upstream sub-channel SNR usually 
must be determined by the upstream transceiver, and then fed back to the downstream transceiver. To save time and 
overhead complexity, and given the fact that there is less variation in bit capacity in sub-channels in this frequency band, 
one approach also would be to simply select a fixed sub-set of such sub-channels-without regard to their actual per- 
formance characteristics. In a software modem environment Control/Application software 500 would provide a user 

55 with selectable control to effectuate a restricted upstream transmission on limited sub-channels. Again, with respect to 
the ADSL standard, the only requirement in this respect is that the upstream pilot tone must also be transmitted to 
establish a valid data link An optional limited "upstream" transmission can be effectuated in a variety of ways by the cir- 
cuitry already described above in connection with Figs. 2 and 3. The exact details of such implementation will be appar- 
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ent to those of skill in the art given the present teachings. 

Although the present invention has been described in terms of a preferred ADSL embodiment, it will be apparent 
to those skilled in the art that many alterations and modifications may be made to such embodiments without departing 
from the teachings of the present invention. For example, it is apparent that the present invention would be beneficial 
5 used in any xDSL or high speed multi-carrier application environment. Other types of VLSI and ULSI components 
beyond those illustrated in the foregoing detailed description can be used suitably with the present invention. Accord- 
ingly, it is intended that the all such alterations and modifications be included within the scope and spirit of the invention 
as defined by the following claims. 

10 Claims 

1 . A high speed communications system capable of supporting a downstream data transmission from a upstream 
transceiver using a analog signal consisting of M data carrying signals contained within a bandwidth F, said system 
comprising: 

75 

a channel interface circuit for coupling to and receiving said analog signal; and 

a front end receiving circuit for processing the analog signal and converting it to a digital signal; 

a processing circuit for extracting N data carrying signals (N <M) from the digital signal using a first frequency 

portion f1 of the digital signal (f1 <F). 

20 

2. The system of claim 1 , wherein the N data carrying signals are selected by the processing circuit based so as to 
minimize the amount of processing required to extract the selected data from the digital signal. 

3. The system of claim 2. wherein the N data carrying signals can be selected during a initialization process setting 
25 up a data link to the upstream transceiver. 

4. The system of claim 3, wherein M data carrying signals can be sent by the upstream transmitter during a initializa- 
tion process, and thereafter, only N data carrying signals are sent. 

30 5. The system of claim 1, wherein the front end circuit includes: (i) a sub-band filter for passing the first frequency 
bandwidth portion f1 of said bandwidth F; (ii) and an analog to digital converter. 

6. The system of claim 1 , wherein the selected data further includes data obtained from an additional second fre- 
quency bandwidth portion f2 of said bandwidth F, so that an additional number of data carrying signals P from the 

35 M data carrying signals (N+P < M) can be processed. 

7. The system of claim 6, further including one or more sub-band filters for passing the first frequency bandwidth por- 
tion f 1 and second frequency bandwidth portion f2 of said bandwidth F and an analog to digital converter. 

40 8. The system of claim 7, wherein a target data rate of the system can be increased by processing an additional 
number of data carrying signals P from the M data carrying signals, where N+P <M. 

9. The system of claim 1 , wherein the selected data to be extracted from the bandpassed data can be controlled by a 
user of such system. 

45 

10. The system of claim 9, wherein a user of such system can increase a target data rate of the system by modularly 
augmenting the front end circuit to include additional bandwidth and analog to digital conversion capacity such that 
an additional number of data carrying signals P from the M data carrying signals (N+P <M) can be processed. 

so 11. The system of claim 1 , further including a front end transmitting circuit for transmitting control information to cause 
said upstream transceiver to transmit downstream data only using the N data carrying signals. 

12. The system of claim 1 1 . wherein the control information transmitted to the upstream transceiver includes feedback 
information indicating that only N of the M data carrying signals are desirable for downstream data transmission, 

55 even during times when said channel is capable of supporting more than N data carrying signals. 

13. The system of claim 12, wherein the control information transmitted to the upstream transceiver further includes 
feedback information indicating that: (i) the system can support any data protocols used by said upstream trans- 
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ceiver; and (ii) that they are connected through a channel with substantial signal attenuation characteristics for data 
signals other than the N data carrying signals. 

14. The system of claim 1, further including a front end transmitting circuit for transmitting an upstream data signal 
5 using a second frequency bandwidth F2 different from F, and L data carrying signals, and where L < M. 

15. A high speed communications system for processing an analog data signal from a channel capable of supporting 
M modulated sub-channels, said system comprising: 

10 a channel interface circuit for coupling to and receiving said analog data signal from the channel; 

a analog front end circuit for processing the analog data signal and converting it to a digital signal; 

a processing circuit for extracting data from the digital signal, the digital signal including data taken from a 
is number N of said sub-channels, where N is intentionally selected to have a value less than M and where N is 

negotiated with an upstream transceiver during a initialization procedure. 

16. The system of claim 15, where the N sub-channels are initially loaded with bit capacities that are left essentially 
unchanged unless said channel characteristics vary. 



25 



20 

17. The system of claim 15, wherein the selection of the N sub-channels can be done during the initialization proce- 
dure. 

18. The system of claim 1 5, wherein the value of N is based on signal processing capability of the processing circuit. 

19. The system of claim 15. wherein a target data rate of the system can be increased by processing a additional 
number of sub-channels P from the M sub-channels, and where N+P <M. 

20. The system of claim 1 5 further including a front end transmitting circuit for transmitting control information to cause 
30 said upstream diver to transmit downstream data only using the N sub-channels. 

21. The system of claim 15, wherein the upstream transceiver uses discrete multi-tone (DMT) modulation for generat- 
ing the M modulated sub-channels, and the channel supports asymmetric digital subscriber loop (ADSL) transmis- 
sion standards. 

35 

22. A high speed communications system for processing an analog data signal from a channel capable of supporting 
M modulated sub-channels, said system comprising: 

a channel interface circuit for coupling to and receiving said analog data signal from the channel; 

an analog front end circuit for processing the analog data signal and converting it to a digital signal; 

a bus interface circuit for transmitting the digital signal to a host processing device, and for receiving a trans- 
mission control signal from the host processing device to cause said upstream transmitter to transmit using 
45 on| y fr om a number N of said sub-channels, where N is intentionally selected to have a value less than M, and 

where N is negotiated with a upstream transceiver during a initialization procedure. 

23. The system of claim 22. wherein the value of N is based on signal processing capability of the host processing 
device. 



40 



50 



24. The system of claim 22, wherein a data rate of the system can be increased by processing an additional number 
of sub-channels P from the M sub-channels, and where N+P < M. 

25. The system of claim 22, wherein the upstream transceiver uses discrete multi-tone (DMT) modulation for generat- 
55 ing the M modulated sub-channels, and the channel supports asymmetric digital subscriber loop (ADSL) transmis- 
sion standards. 

26. A method of processing a xDSL signal from a digital subscriber loop, said method including the steps of: 
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negotiating a reduced data rate R' for said signal between a downstream and a upstream transceiver; and 

thereafter transmitting said xDSL signal from the upstream transciever to the downstream transceiver utilizing 
a number of sub-channels N to effectuate the reduced data rate R\ where N is intentionally selected to be less 
5 than a maximum number of sub-channels M supported by said digital subscriber loop; 

wherein the number of sub-channels N is based on signal processing capability available to the downstream 
transceiver. 

27. The method of claim 26, wherein the data rate of the system can be increased by processing an additional number 
10 of sub-channels P from the M sub-channels, and where N+P <M. 

28. The method of claim 26, wherein the upstream transceiver uses discrete multi-tone (DMT) modulation for generat- 
ing the M sub-channels. 

is 29. The method of claim 26, wherein the reduced data rate R' can be specified by a user operating the downstream 
transceiver. 

30. A high speed communications data receiver for communicating through a channel at a data rate X with a upstream 
transmitter capable of transmitting a data stream at a rate Y (X<Y), the receiver comprising: 

20 

a channel interface circuit for coupling to and receiving said data stream; and 
an analog front end circuit for data sampling the analog signal and converting it to 
a digital signal; and 

a processing circuit for extracting selected data from the digital signal, and for generating a transmission con- 
25 trol signal for causing said upstream transmitter to transmit at a data rate substantially equal to said data rate 

X during a data stream transmission; and 

wherein data sampling requirements of the analog front end circuit and extracting of the processing circuit are 
reduced because data sampling and extracting is only performed for a fractional portion of the data stream. 

30 31. The system of claim 30, wherein the analog front end circuit further includes one or more sub-band filters for filter- 
ing the analog data signal to generate the fractional portion of the data stream that requires data sampling and 
extracting. 

32. The system of claim 30, further including a front end transmitting circuit for transmitting the transmission control sig- 
35 nal from the processing circuit to cause said upstream transceiver to transmit downstream data only at said data 

rate X. 

33. The system of claim 32, wherein the control information transmitted to the upstream transceiver includes feedback 
information indicating that the maximum downstream data transmission data rate is X, even during times when said 

40 channel is capable of supporting more than said data rate X. 

34. The system of claim 30, further including a front end transmitting circuit for transmitting an upstream data transmis- 
sion using a data rate Z, where Z < Y 

45 35. The system of claim 30, wherein the ratio of X to Y is approximately .5 or less, and this ratio can be increased 
through modular additions to the analog front end circuit. 

36. A high speed communications data receiver for communicating through a channel with an upstream transmitter that 
is capable of transmitting a data signal with a particular frame rate T and data rate Y the receiver comprising: 

50 

a channel interface circuit for coupling to and receiving said data signal; and 
an analog front end circuit for sampling the data signal and converting it to a digital signal; and 
a processing circuit that: (i) is configurable for processing the digital signal at a data rate <=X and using said 
frame rate T, where X is determined for such processing circuit prior to initialization of a data transmission and 
55 X < Y/2; (ii) generates a transmission control signal for causing said upstream transmitter to transmit at a data 

rate no greater than X during a data transmission; 

wherein signal processing requirements for the processing circuit are reduced because processing is only per- 
formed at a fractional rate of the available data rate of said transmission protocol. 
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37. The system of claim 36, wherein the control information transmitted to the upstream transceiver includes feedback 
information indicating that the maximum downstream data transmission data rate is X, even during times when said 
channel is capable of supporting more than said data rate X. 

5 38. The system of claim 36. wherein the feedback information including the data rate X can be controlled by a user of 
such system. 

39. The system of claim 36, wherein the ratio of X to Y is approximately .2 or less. 

10 40. A high speed communications system for transmitting digital information in a channel capable of supporting a trans- 
mission bandwidth F, said system comprising: 

an upstream data transceiver capable of modulating the digital information to generate an analog data signal 
data transmission using said transmission bandwidth F; and 
is a downstream data transceiver channel interface circuit for coupling to and receiving said analog data signal 

from the upstream data transciever through said channel, the downstream data transceiver including: 

(i) a front end receiving circuit for processing the analog data signal and converting it to a digital signal; and 

(ii) a processing circuit for demodulating the digital signal, the digital signal including data from a first fre- 
20 quency bandwidth portion f 1 of said bandwidth and for generating feedback information indicating to the 

upstream transceiver that the bandwidth other than f 1 is unsuitable for data transmission; and 

(iii) a front end transmitting circuit for transmitting the feedback information using a second frequency 
bandwidth portion f2 to cause said upstream transceiver to transmit downstream data only using the first 
frequency portion f 1 . 

25 

41. The system of claim 40, wherein the ratio of f 1 to F is approximately .5 or less, and this ratio can be increased 
through modular additions to the front end receiving circuit. 

42. The system of claim 40, wherein the feedback information contains intentionally altered channel characteristic 
30 information. 

43. The system of claim 41 , wherein the feedback information, including the size and location of first frequency portion 
f 1 , can be controlled by a user of such system. 

35 44. A high speed communications data receiver for communicating through a channel at a controllable data rate X with 
an upstream transmitter capable of transmitting a data signal at a flame rate T, and a data rate Y, where X/Y < 1/2, 
the receiver comprising: 

a channel interface circuit for coupling to and receiving said analog data signal; and 
40 an analog front end circuit for data sampling the analog signal and converting it to a digital signal; and 

a processing circuit for determining said rate X based on processing capabilities available for extracting data 
from the digital signal, and for generating a transmission control signal for causing said upstream transmitter 
to transmit using said flame rate T, and a data rate substantially equal to said data rate X during a data trans- 
mission. 

45 

45. The receiver of claim 44, wherein said rate X is determined during a calibration routine. 

46. The receiver of claim 45, wherein said calibration routine is executed by a host data processor to determine the 
capabilities of such processor. 

50 

47. The receiver of claim 44, wherein said rate X is configurable by a user of such receiver based on performance char- 
acteristics of a host processor comprising a portion of the processing circuit. 

48. The receiver of claim 44, wherein X/Y is approximately .5 or less. 

55 

49. A method for communicating through a channel with an upstream transmitter that is capable of transmitting a data 
signal at a frame rate T, and a data rate Y, the method comprising the steps of: 
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receiving said data signal; and 

sampling the data signal and converting it to a digital signal; and 

processing the digital signal at a data rate <=X and using said frame rate T, where X is determined prior to ini- 
tialization of a data transmission and X < Y/2; and 
5 generating a transmission control signal for causing said upstream transmitter to transmit at a data rate no 

greater than X during a data transmission. 

50. The method of claim 49 ( wherein the control information transmitted to the upstream transceiver includes feedback 
information indicating that the maximum downstream data transmission data rate is X, even during times when said 

w channel is capable of supporting more than said data rate X. 

51 . The method of claim 49, wherein the feedback information including the data rate X can be controlled by a user of 
such system. 

75 52. The method of claim 49, wherein said rate X is determined during a calibration routine. 

53. The method of claim 49, wherein said rate X is configurable by a user of such receiver based on performance char- 
acteristics of a host processor comprising a portion of the processing circuit. 

20 54. A method of operating a high speed communications system that is coupled through a channel to an upstream 
transceiver operating at a maximum data rate Y using a bandwidth F, said method comprising: 

(a) receiving an analog initialization signal having a bandwidth F from the upstream transceiver through the 
channel; and 

25 (b) generating a digital signal based on sampling a portion of the analog data transmission signal correspond- 

ing to a first frequency bandwidth portion f 1 , where 11 <F; and 

(c) processing the digital signal to extract data from the digital signal such that an effective receiving rate X 
(where X<Y) is achieved by the system; 

(d) generating feedback information pertaining to the channel transmission characteristics indicating to the 
30 upstream transceiver that data rates higher than X should not be used; 

(e) thereafter recieving an analog data signal transmitted by the upstream transceiver to have a bandwidth f 1 ; 

(f) repeating steps (b) and (c). 

55. The method of claim 54, further including a step prior to step (a): receiving a control signal from a user of such sys- 
35 tern for determining the effective receiving rate X. 

56. The method of claim 54, further including a step: determining an optimal bandwidth portion f1 so as to minimize the 
amount of processing required to extract the data from the digital signal at the receiving rate X. 

40 57. A high speed communications transceiver for communicating with an upstream transceiver transmitting an analog 
data transmission signal using M data carrying signals within a bandwidth F through a channel to said system, said 
transceiver comprising: 

a channel interface circuit for coupling to and receiving said analog data signal from the channel; and 
45 a front end receiving circuit for sampling the analog data signal and generating a digital signal based on such 

analog data signal, the digital signal including data from a first frequency bandwidth portion f 1 of said band- 
width F containing N data carrying signals, where N<M; and 

a bus interface circuit for transmitting the digital signal to a host processing device; and 
wherein the system's performance, including data rate, can be scaled based on modifications to said front end 
so receiving circuit or said host processing device so that a the sampling of the analog data signal can be 

increased, and the first frequency bandwidth portion f 1 can also be expanded. 

58. The system of claim 57, wherein the front end receiving circuit includes a filter for passing the first frequency band- 
width portion f 1 of said bandwidth F; (ii) and an analog to digital converter. 

55 

59. The system of claim 58, wherein when the modifications include additional bandpass filters for increasing the first 
frequency bandwith portion from f 1 to f2, where F > f2 > f 1 , the number of data carrying signals is increased from 
N to N+P, where P = f2/f1*N , and N+P< M. 
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60. The system of claim 57, wherein the modifications include adding an additional number of front end circuits k in the 
system each with a bandpass frequency f 1 to result in N*k data carrying signals being included within the digital 
signal. 

5 61. The system of claim 57, wherein the first frequency bandwidth portion f1 is programmable. 

62. The system of claim 57. further including a front end transmitting circuit for transmitting control information to cause 
said upstream transceiver to transmit downstream data only using the N data carrying signals. 

10 63. The system of claim 62, wherein the control information transmitted to the upstream transceiver includes feedback 
information from the host processing device indicating to the upstream transceiver that only N of the M data carry- 
ing signals are desirable for downstream data transmission, even if said channel is capable of supporting more than 
N data carrying signals. 

75 64. The system of claim 63, wherein the front end transmitting circuit transmits an upstream data transmission using a 
second frequency bandwidth F2 and L upstream data carrying signals, and where L < M. 

65. The system of claim 57, further including a host processor circuit in the host processing device for extracting 
selected data from the N data carrying signals. 

so 

66. The system of claim 65, wherein host processor circuit includes a host microprocessor, a programmable memory 
coupled to the microprocessor, and a data extraction routine located in the memory which can be executed by the 
microprocessor. 

25 67. The system of claim 66, wherein the modifications include upgrading said host processing circuit to include addi- 
tional signal processing power for processing an additional number of data carrying signals. 

68. A method of operating a high speed interface between an upstream transceiver and a host processing device at a 
target data rate, said method comprising: 

30 

(a) receiving an analog initialization signal having a bandwidth F from the upstream transceiver through a com- 
munications channel; and 

(b) generating a digital signal based on sampling a portion of the analog initialization signal corresponding to 
a first frequency bandpass portion f 1 ; 

35 (c) transmitting the digital signal to said host processing device so that characteristics of data carrying signals 

contained within first frequency bandpass portion f 1 can be determined, and a number of such data carrying 
signals can be configured for use by said host processing device to achieve said target data rate; and 
(e) generating feedback information indicating to the upstream transceiver that bandwidth other than the first 
frequency bandpass fl should not be used for data transmission; and 

40 (f) receiving an analog data transmission signal having a bandwidth f 1 from said upstream transceiver; and 

(g) generating a digital signal based on sampling the analog data transmission signal; and 

(h) transmitting the digital signal to the host processing device so that it can be processed to extract selected 
data from the data carrying signals; 

(i) when a data rate increase is required, expanding the first frequency bandpass portion f 1 and returning to 
45 step (a). 

69. The method of claim 68, further including a step of: determining an optimal size and location of first frequency 
bandpass portion f 1 so as to minimize the amount of processing required by said host processing device to extract 
the data from the digital signal. 

50 

70. The method of claim 68, wherein the ratio of f 1 to F is approximately .5 or less, and a data rate of such interface is 
controlled by controlling this ratio. 

71. The method of claim 68 wherein the analog data transmission is comprised of M modulated sub-channels within 
55 bandwidth F, and the selected data is contained in N of the M sub-channels within first selected frequency band- 
pass portion f 1 . where N < M. 

72. The method of claim 68, further including a step: determining an optimal set of N sub-channels so as to minimize 
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the amount of processing required to extract the data from the digital signal. 

73. The method of claim 68, further including a step wherein protocol information pertaining to standards applicable to 
Asymmetric Digital Subscriber Loops is transmitted by the upstream data transceiver so as to set up a ADSL com- 

5 patible data link. 

74. The method of claim 68, wherein during step (i) the first frequency bandpass portion f 1 is increased by the use of 
additional bandpass fitters for increasing the first frequency bandwith portion from f 1 to f2 t where F > f2 > f 1 . so that 
the selected data is received at an increased rate equal to approximately f2/f 1 . 
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FIGURE 3 A 
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(57) A high speed communications system is pro- 
vided which uses a selectable, desirable portion of the 
total available bandwidth of a transmission channel. In a 
preferred embodiment, the invention is an ADSL com- 
patible modem which selects a sub-set of the available 
downstream DMT sub-channels based on an evaluation 
of such sub-channels by appropriate signal processing 
circuitry. An analog front end (AFE) contains sub-band 
f iftering causes an upstream transceiver to use only this 
selected number of available sub-channels for down- 



stream data transmission. This reduces hardware costs 
and complexity while still preserving compatibility with 
applicable ADSL standards and providing a high speed 
data link. The target data rate of the modem can be fur- 
ther enhanced to the point of achieving full protocol 
capability by increasing or upgrading the AFEs. and/or 
the signal processing circuitry in order to increase the 
number of processaWe transmitted downstream sub- 
channels. 
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Description 

piFLD OF THE INVENTION 

The invention relates generally to an improved high-speed communications system which establishes a data link 
using only a selectable portion of the total available bandwidth of a channel. The present invention has particular appli- 
cability to systems which use rate adaptable techniques such as the discrete multi-tone modulation (DMT) technique 
and CAP for transmitting data in Digital Subscriber Lines and similar environments. By limiting the data throughput of 
the link to some adjustable fraction of the total available data rate, the present invention signif icantly reduces hardware 
costs and allows a downstream user to conf igure a data link whose performance is directly controllable by the process- 
ing power available to such user. In this manner, the system is completely forward compatible and expandable in func- 
tionality, and permits a user to increase throughput to the point of achieving full potential of the available channel 
bandwidth . 

RAOfflROUNn qf THE IN VENTION 

Remote access and retrieval of data and information are becoming more desirable and common in both consumer 
and business environments. As data and information transfer is becoming more and more voluminous and complex, 
using traditional data links such as voice-band modems is too slow in speed. For example, the use of the Internet to 
locate and access information is increasing daily, but the retrieval of typical graphics, video, audio, and other complex 
data forms is generally unsatisfyingly slow using conventional voice-band modems. In fact, the slow rate of existing dial- 
up analog modems frustrates users, and commerce and interaction using the Internet would have been even higher 
were it not for the unacceptable delays associated with present day access technology. The ability to provide such 
desired services as video on demand, television (including HDTV, video catalogs, remote CD-ROMs, high-speed LAN 
access electronic library viewing, etc.. are similarly impeded by the lack of high speed connections. 

Since the alternatives to copper line technology have proven unsatisfactory, solutions to the high speed access 
problem have been focused on improving the performance of voice band modems. Voice band modems operate at the 
subscriber premises end over a 3 kHz voice band lines and transmit signals through the core switching network, the 
phone company network treats them exactly like voice signals. These modems presently transmit up to 33.6 kbps over 
a 2-wire telephone line, even though the practical speed only twenty years ago was 1 .2 kbps. The improvement in voice 
band modems over the past 20 years has resulted from significant advances in algorithms, digital signal processing, 
and semiconductor technology. Because such modems are limited to voice bandwidth (3.0 kHz), the rate is bound by 
the Shannon limit, around 30 kbps. A V.34 modem, tor example, achieves 10 bits per Hertz of bandwidth, a figure that 
approaches the theoretical Shannon limits. 

There is a considerable amount of bandwidth available in copper lines, however, that has gone unused by voice 
band modems and this is why a proposal known as Asymmetric Digital Subscriber Line (ADSL) was suggested in the 
industry as a high-speed protocol/connection alternative. The practical limits on data rate in conventional telephone line 
lenoths (of 24 gauge twisted pair) vary from 1 .544 Mbps for an 18.000 foot connection, to 51 .840 Mbps for a 1 .000 foot 
connectton Since a large proportion of current telephone subscribers fall within the 18.000 foot coverage range. ADSL 
can make the current copper wire act like a much "bigger pipe" for sending computer bits and digital information (like 
movies and TV channels). while still carrying the voice traffic. For example, an ADSL modem can carry information 200 
times faster than the typical voice band modem used today. 

ADSL is "asymmetric" in that more data goes downstream (to the subscriber) than upstream (back from the sub- 
scriber) The reason tor this is a combination of cost, demand, and performance. For example, twisted pair winng cou- 
pling increases with the frequency of the signal . If symmetric signals in many pairs are used within a cable, the data rate 
and line length become significantly limited by the coupling noise. Since the preponderance of target applications for 
digital subscriber services is asymmetric, asymmetric bit rate is not perceived to be a serious limrtation at this time. 
Therefore the ADSL standard proposes up to 6 Mbps for downstream, and up to 640 kbps for upstream. For example, 
video on demand, home shopping, Internet access, remote LAN access, multimedia access, and specialized PC serv- 
ices all feature high data rate demands downstream, to the subscriber, but relatively low data rates demands upstream. 
The principal advantage is that all of the high speed data operations take place in a frequency band above the voice 
band leaving Plain Old Telephone Service (POTS) service independent and undisturbed, even H an ADSL modem fails. 
ADSL further provides an economical solution for transmission of high bandwidth information over existing copper line 

infrastructures. . . . _ . . . _ _ . . „ 

Specifically the proposed standard for ADSL divides the available transmission bandwidth into two parts. At the 
lower 4 kHz band ordinary (POTS) is provided. The bulk of the rest bandwidth in the range from 4 kHz to about 1 MHz 
is for data transmission in the downstream direction, which is defined to be from the exchange to the subscriber. The 
upstream control channel uses a 160 kHz band in between. The signals in each channel can be extracted with an 
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appropriate band -pass filter. 

A , D ^j.7> lementation «* ADSL uses the entire available 1 MHz range of a copper phone line. It merely splits the 
signal into 255 separate channels, and each 4 kHz channel can be made to provide a bit rate up to the best present day 
voice band (33.6 kbs) modems. This results essentially in overall performance which is equivalent to around two hun- 
s dred V.34 modems used in parallel on the same line. Because each channel can be configured to a different bit rate 
according to the channel characteristics, it can be seen that DMT is inherently "rate-adaptive" and extremely flexible for 
interfacing with different subscriber equipment and line conditions. 

A number of problems arise, however, in attempting to implement a full scale ADSL transceiver cost-effectively. 
First, to achieve this high bit rate transmission over existing telephone subscriber loops, advanced analog front end 
id (AFE) devices, complicated digital signal processing techniques, and high speed complex digital designs are required 
As a result, this pushes current technology limits and imposes both high cost and power consumption For example' 
AFE dev.ces in modem applications provide the interface between analog wave forms and digital samples for digital 
hardware/software processing. In high speed modern technologies such as ADSL, AFE devices need to operate at a 
very h.gh sampling rate and high accuracy. For example, the DMT technology has a spectrum of 1 MHz and requires 
is samphng above 50 MHz .f a sigma-delta analog-to-digital (ADC) method is used. This thus requires the state-of-art 
ADC technology and imposes a high cost for end users. 

Second, the time domain signal in ADSL/DMT transmissions is a summation of a large number of carriers modu- 
lated by quadrature amplitude modulation (OAM). This typically results in a large peak-to-peak deviation As a result 
even though a h.gh speed AFE is made possible, a large dynamic range and high resolution AFE is required at the 
20 same time to minimize quantization errors. ^ 

Third in addition to the high sampling rate and resolution requirement for ADSL AFEs. the other hardware and soft- 
ware in ADSL environment also needs to operate at a much higher speed than current conventional modem counter- 
parts. For example, to implement the DMT technology in software, a custom and dedicated digital signal process fDSP) 
of a power of several hundred MIPS (millions instructions per second) is required to process many components such 
25 as error encoding and decoding, spectrum transforms, timing synchronization, etc. As with the AFE part of the system 
this high speed requirement for the signal processing portion of ADSL also results in less flexible, high component 
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Fourth requiring a communications device (such as a modem) to fully supp ort the total throughput of a standard 
such as ADSL rriayte inefficient in some cases, since many prospective users of high-speed data links may not need 
to useall the available bandwidth provided by such standards. It is generally more preferable therefore to permit users 
to throttle or scale the data throughput in a manner they can control, based on their particular application needs hard- 
ware cost budget, etc. For example, a full-scale ADSL system may have the performance level of 200 times conven- 
tional V.34 modems, but it is apparent that even a performance improvement of 1 0 - 20 times than present day available 
analog modems would be sufficient for many consumer applications, such as Internet access and similar uses Thus 
unlike conventional analog modems, which are available in various speeds varying generally from 14.4 to 56 Kbps' 
there are no known ADSL modems which offer scalable performance levels to users ' 

Fifth, in addition to the implementation challenge, the T1 El .4 ADSL standard does not specify the system interface 
and user moder Although various high level interface to support T1 /El. ATM. etc. have been described, system inte- 
gration with high level protocols such as TCP/IP and interface with computer operating systems have not yet been 
defined. As a result, there is uncertainty how existing and future modem-based applications can work with the ADSL 
technology. For example, when users run an Internet application which sends and receives data to and from an Internet 
service provider (ISP), a mutually agreed protocol is required to set up a call and transfer data. Possible protocols avail- 
able at vanous levels include ATM (asynchronous transfer mode). TCP/IP, ISDN, and current modem AT commands 
Either one of these or a possibly new protocol needs to be defined to facilitate the adoption of ADSL technology. 

SUMMARY OF THF INVFNTION 

An object of the present invention therefore is to provide a communications system which is fully compatible with 
high speed, rate adaptable protocols such as are used with ADSL, but which system is nevertheless implementable 
with simpler analog font end receiving/transmitting circuitry and is thus reduced in cost and complexity 

A further object of the present invention is to provide a communications system which is fully compatible with hioh 
speed, rate adaptable modulation protocols such as used with ADSL, but which system is nevertheless implementable 
with simpler digital signal processing circuitry and is thus reduced in cost and complexity 

Another objective of the present invention is to provide a method for transmitting data within a fractional, desirable 
portion of available bandwidth in a channel by modulating only a limited number of desirable sub-channel data carriers 
so that a highM speed data link can be achieved that is faster, and has reduced computation and hardware demands- ' 

Yet a further objective of the present invention is to provide a communications system with smaller peak-to-pe^k 
dev.at.on in the sub-channels signals, so as to reduce the dynamic range required for the front end ADC and to mini- 
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mize quantization errors. 

Another objective of the present invention is to provide a high speed communications system having a data 
throughput that is easily controllable and expandable, so that the performance range of such system can be configured 
to any fractional percentage of total bandwidth available in a transmission channel, up to and including full bandwidth 

A relat^obiective of the present invention is to provide a h igh speed communications system that is modular so 
that forward compatible and expandable functionality can be incorporated flexibly and with a minimum of effort on the 
Dart of a user of such system; 

Yet a further objective is to provide a system that is compatible with high speed protocols used in ADSL but which 
is also easily adaptable to support preexisting high level data protocols, including those presently used for controlling 

hiah speed voice band modems; 

Afurther object of the present invention is to provide a high speed communications system that self-calibrates its 
own performance level . based on the processing power available to such system; 

Another objective of the present invention is to provide a high speed communications system that permits a user to 
conf igure the performance parameters of such system using conventional personal computer hardware, software and 

09 A- f^efobject of the present invention is to provide an interface between a host operating system and a high 
speed communications system that provide forward compatible and expandable functionality; 

An additional aim of the present invention is to provide an improved system for concurrent control of conventional 
voice data traffic on a POTS channel, and upstream/downstream communications on separate sub-channels; 

These objects and others are accomplished by providing a communications system that permits a host processing 
device to receive selected data within a narrow bandwidth from an upstream transciever which can and normally trans- 
mits - larae bandwidth analog data transmission signal through a connected channel. A channel interface circuit AFE 
samples the received analog signal to generate a digital signal. Only a limited portion of the bandwidth may be sample* 
thus reducing front end complexity. A digital signal processing circuit then extracts the selected data from this limited 
diaital sianal which is significantly easier to process than a full bandwidth digital signal. Feedback information is pro- 
vided back to the upstream transmitter which causes the upstream transmitter to transmit downstream data thereafter 
onlv usina the limited bandwidth of the front end. and not the full bandwidth. This feedback information contains infor- 
mation about the channel that suggests to the upstream transmitter that the other bandwidth in the channel is unusable. 
In this manner, the upstream transceiver is trained to accommodate the lower rate downstream transceiver in a manner 
that nevertheless preserves protocol integrity. . _. . T 

In a preferred embodiment, the large bandwidth analog data transmission signal is comprised of a number of DMT 
modulated sub-channels, and an anti- aliasing filter on the front end of the the downstream transceiver ensures that 
onlv a limited number of such sub-channels are processed by a DMT signal processing core. The feedback information 
consists of non-zero SNR information for the selected sub-channels, and a sub-channel blackout -mask- to eliminate 
the potential use of other sub-channels. The feedback information is sent by way of a front end transmitting circuit which 
transmits an upstream data transmission using a second frequency range different from the downstream transm.ssion 
One implementation of the aforementioned high speed system is in a personal computer, so that the signal 
processing can be accomplished using a processor within such computer, which in a preferred embodiment is an X86 
compatible processor. Another implementation of the aforementioned high speed system uses a dedicated signal proc- 
essoTfor demodulating the selected sub-channels This cuts down on processing overhead requirements for a host 
processing system incorporating the system. In such implementations the portion of the downstream data transmission 
\o be processed for data extraction can be configured by a user of such systems, or alternatively, it can be dyparnicaUy 
determined based on an evaluation by the digital signal processing circuit of performance charactenst.es of different 
portions of the frequency spectrum within the bandwidth potential of the upstream transceiver. 

In another variation, the data rate of a system such as described above can be increased by processing data from 
an additional second limited frequency bandwidth portion of the total available downstream bandwidtlr In a Preferred 
embodiment this can be done by including a number of anti- aliasing filters in a modular bank as part of the arwlogfront 
end section 'each of which passes a different frequency bandwidth portion. By making the analog front end modular 
the data rate of the overall system can be scaled in a controllable and cost-effective fashion. At the same time, each 
analog front end portion can be operated at a slower sampling clock and smaller dynamic range. This results in a more 
relaxed speed requirement and smaller quantization noise at a given number of bits per sample. _ 

The present disclosure also includes an interface to an operating system, to facilitate controllmg the high speed 
communications system when it is incorporated in a personal computer system. This interface ensures that the operat- 
ina svstem treats such communications system essentially the same as other prior art voice band modems, and in a 
p?efened embodiment is a device driver for the Windows NT operating shell. Finally, the present disclosure also 
describes an applications program which permits a user of a personal computer to control the performance character- 
istics of the high speed communications system by setting certain system parameters when such system is mcorpo- 
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rated in a personal computer system, "mis program includes an auto calibration routine for setting such system 
parameters, or alternatively a user of such program can tailor thesettings subject to confirmation of the efficacy of such 
settings based on an evaluation of the processing power available to such user. 

Although the inventions are described below in a preferred embodiment implementing the ADSL standard it will be 
apparent to those skilled in the art the present invention would be beneficially used in any high speed rate-adaptable 
applications. 

It should be noted that while some prior art devices also have limited mechanisms for achieving a reduction of nom- 
inal or peak transmission speed in a channel, they only activate or implement such mechanisms as a fallback response 
to a failure in the channel, or because of a transmission rate reduction in the upstream transceiver. Unlike thepresent 
invention, such pw art moderns, during an initialization process, attempt to establish the highest possible transmission 
rate achievable by the channel and the upstream transciever. In other words, any rate reduction imposed by the cS£>" 
stream modem is typical y centered an unintended and undesirable side effect of bad channel characteristics and 
k f!!T .ntent.onaldes.gn target as set forth in the present invention. In addition, the data rate reduction in 

such modems ,s accomplished primarily by varying the number of bits per baud (hertz) at a fixed frequency, ar^nor by 
controlling the overall frequency spectrum of the downstream data transmission. Moreover, in such prior art s^ms 
no effort is made to measure, identify or use an optimal portion of the usable bandwidth or set of transmission 

ZTaU^^ZT ^ SyStemS tyPiCa " y ***** aVai ' able tan **« h W «*■*■""-• happen to be 
Similarly, while a fixed 300 baud rate downstream modem can work with an upstream 33kbs rate modem this 
arrangemerrt is a so unhke the present invention. This is because, again, the bandwidth reduction in suTp^r art 
rZ^T 9 * commercially unusable by today's standards. Furthermore, the smaN^wii 

modem ,s not compatible wrth. and does not support, the higher protocols of the higher bandwidth modem, which is also 
undesirable from an implementation standpoint. Stated another way. unlike the present invention, the lower end^eS 
imitations of prior art systemforce the data link to be set up using a low level protocol that does not take ao^rSgTS 
the full capabilities of more advanced protocols. 96 OT 

Finallythere is no mechanism for users of either of the prior art systems noted above to expand the functionality 
of such modems in a controlled, flexible, and modular manner. uncuonaiiry 

BRIEF DESCRIPTION OF TH E DRAW/INK^ 

r^JJ! ! LT^f"' depicti ° n . crf the ADSUDMT bandwidth allocation for upstream and downstream data in a 
channel based on frequency drvision multiplexing (FDM) configuration 

^anai™ t^JTtSS7!! R 8 SUt> " b " 1d <Bter ^ an ana,D9 10 di9rtal ** «" «» ««■ 

an analog front end (AFE) of the present invention ; 

Figure 1C is a pictorial depiction of a SNR curve for a typical subscriber loop channel using sub-channel modula- 

\^1SSSST^ and *■* that ,urther explaln ,he underl * n9 physical ° f 

Figure 3A is a block diagram of a dedicated hardware implementation of a communications system employing the 
present invention, also adapted for use in an ADSL environment ""Winy me 

Figure 3B is a block diagram of a mixed hardware an d software based implementation of a communications sys- 
tem employing the present invention, also adapted for use in an ADSL environment mun.cai.ons sys 

" r^^hfST d6piCtin9 ^ 96nera ' StrUC » Ure ° f ^ ^ PUmp "*» ^ — in •» -P- 

rXe^ontn^^n^ - *" ^ ^ ^ h *» 

F ? UT * 6 'f J ^ IOCk ^'■"T* an '"P'ementation of a communications system employing the present invention 
tr"" 'US A °?t r T' ir ° n ™'«- in " ni <* « is depicted how a user can nSduLy J££ tn^pui 
capability by adding additional AFE stages to process a greater percentage of the available bandwidth in the chan- 
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DETAILED DESCRIPTION OF THF IKiy pfrlTinM 

nr JJIf *" TP** *** immediate, y be,ow are well-known, a brief explanation of ADSL technology is 

provided with reference to Figure 1 to facilitate an understanding of the present invention. As explained above S 
known ,n the art to use DMT to effectuate the ADSL standard. In contrast to most modulation sSemet s^h as Am7fm 
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transmissions that use one carrier, DMT uses multiple carriers to transmit data bits. Specifically. T1E1 A ADSL stand- 
ards specify an up to 255 channels for downstream transmission from the central office to subscribers and up to 31 
channels for upstream transmission from subscribers to the central office. As shown in Figure 1 . each carrier has a 
bandwidth of 4.3125 kHz. The total bandwidth is 1 . 1 MHz for a total of 255 channels. In the upstream direction, a "pilot- 
tone in the approximate range of 69 kHz, is used for maintaining timing synchronization. A similar pilot tone is transmit- 
ted in the downstream direction in the vicinity of 276 kHz. 

Since upstream and downstream transmissions are over the same 2-pair twisted wire, they need to be separated 
by either echo cancellation (EC) or frequency division multiplexing (FDM). Echo cancellation allows simultaneous trans- 
missions in both directions but requires a complex echo canceler implementation. On the other hand. FDM uses two 
different frequency bands for separate downstream and upstream transmissions. As shown in Figure 1, the upstream 
transmission uses subchannels from channel number 6 to 31, and the downstream transmission uses subchannels 
from channel number 41 to 255. While the remainder of the discussion below focuses on an system employing FDM, it 
will be appreciated by those skilled in the art that the present invention is adaptable and can be used beneficially with 
echo-cancellation approaches as well. 

As with most communication environments, the transmission bit rates for both upstream and downstream commu- 
nications in ADSL are not fixed but instead are determined by the quality of the channel. In the present invention, a 
number of well-known techniques can be used advantageously for setting up the initial data link In general, these tech- 
niques work as follows: during initialization, the channel quality is measured and a certain data rate (typically a number 
of bits) is assigned for each DMT subchannel; thereafter, a "hand-shaking" process is used to dynamically and adap- 
tively change the bit loadings (and energy levels). The latter is often necessary because (among other things) changes 
may occur in the overall channel characteristics, changes in the target bit rate may be needed, or new bit distributions 
in the sub-channels may be required because of degradations in one of the sub-channels. 

The quality of the sub-channel response can be measured by the received signal to noise (SNR) ratio. According 
to the Shannon theorem, the upper limit of the number of bits per unit Hz that can be transmitted is log 2 (1 +SNR). There- 
fore by measuring the received SNR at the receiver end. one can determine the number of bits allocated for each 
subchannel modulation. The total data throughput race achieved by the system, therefore, is simply the sum of all the 
data rates of all the usable subchannels. 

According to the T1 E1 .4 ADSL standards, data bits are grouped and processed every 250 *isec. The number of 
bits that can be processed over one such time frame is the summation of the bits allocated for each subcharnel deter- 
mined from the previous channel response measurement. For a given number of bits assigned to a certain subchannel, 
quadrature amplitude modulation (QAM) is used to convert bits to a complex value, which is then modulated by the 
subchannel carrier at the corresponding frequency. • ^ 

The above is a merely a brief summary of the general operation of a typical DMT/ ADSL communications system. 
The general circuits used in prior art ADSL systems, the specifics of the bit/energy loading process for the sub-chan- 
nels the bit fine tuning process, and the details of the modulation of the sUb-channels. are well-known m the art, and 
will not be discussed at length herein except where such structures or procedures have been modified in accordance 
with the teachings herein. 

The full downstream data throughput of a typical p rior art ADSL standard transceiver approaches 6 Mbps. which 
is more than 200 times the speed of conventional analog modem technology. This requirement was imposed since a 
40 large part of the initial motivation to implement ADSL was to achieve high speed multimedia communications and video 
teleconferencing Nevertheless, a large number of potential users do not want or need to have such wide bandwidth 
capability. For example, many potential users of ADSL (or similar high speed loops), including many who are intending 
to use such links primarily for internet access, only need to achieve downstream transmission speeds that are in the 
hundreds of kilobits per second range. This data rate is in fact achievable using only a fraction of the available band- 
width of ADSL. By processing only a fraction of the available bandwidth of the ADSL standard, the present invention 
permits a limited but extremely useful ADSL modem to be implemented with significantly less expense and complexity 
than previously possible. At the same time, because the present invention has modular characteristics, the proposed 
implementation of the present invention affords users an easy path to forward and upward expansion of the overall func- 
tionality of their system. 

The principle behind this aspect of the present invention is as follows: As shown in Fig. IB. if the transmission in 
the channel is restricted to a smaller bandwidth by an anti-aliasing filter 80. according to the NyquM sampling theorem, 
the sampling rate of AFE devices (such as ADC 81) that perform analog to digital conversion can be significantly 
reduced Specifically if the total downstream bandwidth is limited to some fractional total B Hz (in a preferred embodi- 
ment using DMT in an ADSL environment. B = 20 DMT channels or about 86 kHz) as shown below, we can limit the 
Nyquist sampling rate to around 180 kHz. This is achievable with ADCs having greatly simplif led hardware and reduced 
performance requirements, in contrast to the full ADSL bandwidth approach, which processes 200 DMT channels or 
900 kHz in the case of full ADSL implementation. 

The total accumulated bit race of an ADSL communications system using the present invention can be calculated 
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as follows. Suppose a total number of k subchannels (out of a total of M possible) are to be supported and each channel 
is allocated b^ bits for transmission. The total accumulated bit rate (R) is: 

R - ( L i=i.k bj) * 4 kHz (bits/sec) 

where 4 kHz is the framing race defined by T1E1.4 ADSL standards. If k=20 channels and the average number of bits 
per channel is 6. then total bit rate (R) is approximately 480 kbits/sec. It can be seen that this fractional use of the ADSL 
bandwidth nevertheless provrdes about 9 times the performance of a conventional analog 56 kbits/sec digital modem 
The benefits of this approach of the present invention are apparent. The overall performance and cost of a high speed 
communications system can be scaled and controlled in direct relationship to the particular needs of particular users 
In general the data rate supportable by (and the relative cost of) any particular implementation of the present invention 
is generally determined by two factors: (1 ) the capacity of the AFE; and (2) the capacity of the hardware performing the 

The capacity of an AFE is generally measured by the maximum sampling speed it can achieve. As explained 
above the sampling speed in turn determines the upper limit of the frequency band B (in kHz) that can be obtained At 
the defined channel separation of 4.3125 kHz for ADSL, the total number of subchannels that can be supported is less 
than or equal to B/4.1325. A surtable ADC can be selected, therefore, based on the particular^te^ani £5 
requirements of any particular user. COSI 

, nTS ??° r *!2 'i mi te ^? " Umber of subchann e's (and achievable data rate) is the processing power available 
for DMT modulation and demodulation routines. For example, a variety of performance levels (achievable data rates) 
are possiblewith well-known dedicated signal processing hardware, such as digital signal processors, as discussed in 
more detail below with reference to Figure 2. Alternatively, as shown in Figure 3. if such routines are implemented pri- 
marily by software and run by a host CPU. the required processing power (MIPS) generally incr eases directly as func- 
tion of the number of subchannels that need to be processed. This is because, in general, most of the processings are 
done in serial, or a channel by channel basis. As discussed below in more detail, the present invention makes use of a 
calibration routine for estimating the total available processing power of a users computing system in order to set an 
upper limit of the total subchannels that can be supported. 

„ ^Sn^» ^'SL 0 " ° f * he ' ar AFE ° r SignaI P rocessi "9 technique used, however, another useful 

(but not essent-al) aspect o the present invention is that the sub-channels with the largest signal to noise ratio (SNR) 

^ZSZZ^JS "^J* ?* fransmission ,n other in *. preferred eniodiment of the p esS 

invention, those k subchannels withm the passband that support the largest number of bits are used for processing As 
S T "IS 1 i <° r sample, a standard two-are subscriber line typically has a SNR curve that exhibits extensive atten- 
uation wrth higher frequencies. It can be seen roughly in this figure that while there are more than 200 sub-channels 
provided for downstream transmission in ADSL, it is typically the case that 50% of the maximum data rate can be 
accomplished using only a much smaller percentage (than 50%) of the sub-channels. This fact is especially useful in 
cons.der.ng some of the shared/ multi-channel bandwidth embodiments discussed further below 

The present invention, therefore, permits an implementation for a high speed data communications system that 
makes use of the best portion of the channel, while still being upwardly compatible and forward expandable By these 
erms. it ,s meant that a system constructed in accordance with the teachings herein is completely compatible with a 
fuHy implemented vers.cn ADSL DMT modem. Moreover, it will be apparent to those skilled in the art ^appropriate 
modrficatjons specific to the channel and data link protocols and standards can be made so that the presenTKifon 
™£ b t e ^a^ageously emptoyed m non-ADSL environments as well. Upward compatibility and forward expandabilrty 
refer to the fact that systems constructed with the present teachings can have data rates that are easily upgraded while 
preserving and maintaining compatibility with existing standards. For example, lower end users desiring less band 
wKfth can ach.eve a satisfactory performance with a minimum of cost, and can then upgrade the performance levels of 
their systems at later time by suitable (and preferably modular) upgrades of the AFE and signal processing hard- 

W3 rc/SOTTWd TG . 

A system constructed in accordance with the present teachings is completely compatible with the full ADSL stand- 
ard because of the followmg two aspects: According to the rate adaptation feature specified by the T1 E1 4 ADSL stand- 
ards. *e b.t rate for each sub-channel is determined initially (and preferably dynamically on an ongoing basis) by the 
sub-channe SNR analysis. Specifically, an ADSL downstream receiver can inform an upstream AD?L transmTtter abou" 
the quality of the transrnssion; the receiver can also decide the bit rate for each sub-channel. Therefore, a downstream 
partial-channd bandwidth receiver using the present invention can <based on the speed and passband of such 
receiver) supply an upstream, full-standard ADSL transmitter with information or control signals to effectuate a tra^ 

^rrCf^ hamelS - ' n PartiCU ' ar - in a preferred «*«ft"«t the upstream ADSL transmitter is^o- 
vKJed with SNR .rrformation for sub-channels outside the passband that is artificially contrived so as to suggest to ie 
upstream transmitter that these sub-channels are not usable. In this manner, the downstream trar^issionSiSdto 
a certain number of subchannels within the AFE and signal processing capabilities of the receiver. It can be*een ne* 
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ertheless, that this scheme is completely transparent to the transmitter, thereby permitting a system buiH in accordance 
with the present teachings to be fully compatible with the ADSL standard. While not possible at this time within the 
ADSL standard, it is apparent that other high-speed data protocols may use a control signal, instead, to provide for 
express limiting and control of the identity of the sub-channels transmitting information. 

As the technology improves for AFE devices and DMT implementation, the number of subchannels supported by a 
system using the present invention can increase. As a result, such systems can upgrade completely to a full T1E1.4 
ADSL implementation using a single higher end modular replacement APE devices, or alternatively, a number of lower 
end modular AFE devices. 

GENERAL EMBODIMENT OF PRESENT INVENTION 



The basic structure of the present inve ntion is depicted generally in Fig. 2. In general, the present invention can be 
embodied in different corrtbinations of hardware and software. The primary difference between these embodiments is 
the specific implementation of the DMT core. These specific embodiments are described in more detail below with ref- 
15 erence to Figs. 3A and 3B. 

The structure and operation of ADSL transceivers is well-known in the art, and for that reason the present descrip- 
tion primarily details those aspects of such transceivers which are necessary to an understanding of the inventions 
herein. As seen in Fig. 2. a channel 100 is made of a regular copper wire "loop", and each such loop may have differing 
electrical properties, transmission lengths (sizes), varying attenuation characteristics, and a number of impairments or 
20 interferences. Splitter 210. a conventional and well-known circuit, separates a DMT signal occupying more than 200 
sub-channels from a lower end 4 kHz POTS analog signal. The latter can be used for simultaneous voice or conven- 
tional analog modem. Hybrid circuit 220 is also well-known in the art, and consists primarily of conventional transform- 
ers and isolation circuitry used in a wide variety of high-speed devices interfacing to standard telephone lines. A ring 
detect logic circuit 290 can also be implemented using accepted techniques, to alert a Control Interface 295 to the exist- 
25 ence of a transmission signal originating from an upstream transceiver (not shown). 

The full bandwidth signal is either low passed or bandpass limited to a frequency width B by suitable, well-known 
techniques as it passes through bandpass Filter and Analog/Digital Converter 280. so that only a fraction of the signal 
in the frequency domain is passed on to Buffer and DMT Receive Core 260. Again, the only important consideration for 
Subband Filter 280 is that it must constrain the bandwidth of the incoming signal to be £ B. where the sampling rate of 
30 the Analog/Digital Converter is 2> 2B. This can be accomplished by using well-known filter designs. By suitable selection 
of circuitry for Filter and ADC 280. the overall system cost and performance can be scaled accordingly. In a preferred 
embodiment, the signal passed through Filter and ADC 280 occupies a spectrum between approximately 200 and 400 
kHz. This selection is based primarily on an expected average performance of a typical two-wire line, h will be apparent 
to those skilled in the art that different bandpass widths and regions may be more suitable or optimal for other kinds of 
35 data links, or other kinds of multi-carrier modulation schemes. 

Moreover, in some instances, while it is somewhat more expensive to implement, an adaptive or tunable filter may 
be substituted, such that the target frequencies of the passband are adjustable uniquely for each new data link. In such 
cases, the bandpass can be configured to coincide with the sub-channels having the highest achievable SNR. including 
the subchannels that must be supported for protocol or other system overhead reasons. Also, in some applications, the 
40 analog-to-digital conversion may be performed by a digital signal processor, or by the host computer and therefore, the 
sampling rate can be dynamically controlled and matched to the bandpass target frequency and frequency breadth. 
This feature, in turn, would assist dynamic scaling of the data throughput based on system computing power and over- 
head requirements. 

Furthermore, in this preferred embodiment, using a multi-carrier approach implementation for ADSL, a pilot tone at 
276 kHz must be allowed within the passband. It is apparent that other protocols may require similar pilot tones, and 
the design of comparable filters to achieve the functionality of Filter and ADC 280 is well within the ordinary skill of one 

10 ^DMT Receiver Core 260 is generally responsible for monitoring and measuring the SNR of the sub-channels falling 
within the frequency range passed by FILTER and ADC 280. and for extracting the original data stream from the numer- 

so ous sub-carriers. In a preferred embodiment, Control Interface 295 receives system configuration information from a 
host 2987This information may contain such parameters as target throughput rare R. target error rate, target center fre- 
quencies F for FILTER and ADC 280, target frequency width B. etc. By evaluating the SNR and bit capacities of the sub- 
channels computed by DMT Receiver Core 260. and taking into consideration the target data rate R, Control Interface 
295 can select a number k of sub-channels up to and including the total available number M of sub-channels to carry 

55 the data stream from the upstream transmitter (not shown). The number of sub-channels that can be used for carrying 
data is directly related to the bandpass frequency B as described above. In a preferred embodiment, M = 200+ (ADSL) 
and Control Interface 295 will usually configure k = 20. 

For every sub-channel other than the selected k sub-channels, a "mask" or blackout control/feedback signal is gen- 
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erated and transmrtted by DMT Tx Core 250. Buffer 260 and DAC 230 to the upstream transceiver. This ensures that 
any subsequent data transmissions by the upstream transceiver only use the selected k sub-channels This feedback 
,nformat.on .s provided therefore, irrespective of the transmitting capacity of the upstream transceiver, and even during 
times when the channel 100 is capable of supporting more than k sub-channels. In this manner, the present system is 

5 perceived by upstream transceiver to be compatible with protocols and performance characteristics of the upstream 
transceiver because the upstream transmitter receives feedback information indicating merely that the two systems are 
connected through a channel wrth substantial signal attenuation characteristics for data signals outside the k sub-chan- 
nels Based on me .nherent rate adaptiveness of ADSL and other similar protocols, the upstream transceiver will auto- 
t^^'^e^D^^^Tand Tn~V? k *^nn* S predetermined by the downstream transceiver. ., should be ££■ 

, D that the DAC 230 and Buffer 240 .n the front end transmitting circuit preferably transmit any upstream data transmis- 
sions using a second frequency bandwidth different from that of the downstream data transmission. HoweveT tttsTSt 
necessary ,n systems using echo-cancellation. Furthermore, in ADSL applications, the sire of this ba2 £ £5sH 
fcrgerlTn E" " SUb - Channe,s ' where L < M " ,n other * DSL applications. L may be on the same o^rt 

15 Jl 9 ?^ A ?f L Stendard fixeS the data error rate t0 be 10 ' ? - « is conceivable that other applications of the 

present invention may tolerate a reduced error rate. For example, if maximum data throughput is requi^f fle ie nw 
gin .s less constrained) then the largest bit capacity sub-channels within B can be selected AlterStivJy H toe ststem 

Sn^ssrr: ;t an ?j? 5 more reiaxaj throu9hpu, "**™~* *« the 20 ****** je^est 

g n are selected. A suitable comb.nat.on of sub-channels can be selected by one skilled in the art based on the partic- 
optimize thedes.red sub-channel mix dynamically depending on the type of data transmitted in channel 100 ForexTm 

, 6 ^T 9 , °7 dea " PiC, ° rial 9raphiCSl ™ y require ,ess inte S rittf and error Performance than other kinds of 
date used by n app 'cat-ons programs running on host 298. The specifics of the structure, operations and techniques 
used by Controller Interlace 295 are not constrained by any requirements of the present invert™, mi TSmSfESZ 
25 mented in various ways well-known to those seed in the art. mpie 
The operation of the remainder of the circuitry shown in Fig. 2 is also relatively straightforward and not unlike a tvo- 
.cal rr^camer modulation system. Control Interface 295 ensures that DMT Transmit Core 2» pSbSTbf S 
energy loading only for those sub-carriers necessary to effectuate a selected host throughput rate/error rate^ombi^ 
tion^As with the circurtry used for Filter ADC 280. the circuitry for performing the functionTof DAC 230 can KmS- 
mented in programmable form to allow for greater flexibility. P 

Finally, while not presently supported in ADSL protocols, it is nevertheless possible that the fitter in block 280 can 
be eliminated entirely .n some applications when the sub-channel or downstream transmission f requTncies^n be c^n 
figured through approbate handshaking or similar procedures. In other words, if the upstream Scon- 
figured to transmrt using on.y a portion of the bandwidth avaiiabte in the channel^ adva^agToTt?e ^ent 
invention can still be reahzed. because the ADC portion of block 280 can still be relatively lesVc32c since ifS be 
processing at a much slower sampling rate than that required for a full spectrum irnpleLrrtatbr^eovir IS an 
S e^orf yieW ^ oomm ««* savinas in DMT ^ocZng core, andlS£2 qSiza 

Some special features of the present invention include the fact that: 

(0 unlike hardware architectures implementing a full T1E1.4 ADSL standard, the present invention uses a filter in 

2? £° °:r t,0ned e&rlier - ,he USe * mis ,ilter is to a,,ow ,ow ***** sampling by the ££ °! S£i E£ 

shakmg between the upstream and downstream transcievers can be effectuated to generate a reduced dctm- 
stream transmission, the filter can be eliminated. aownt 
(ii) standard ring detection logic is incorporated to support existing modem features- 

*™J**ZteZ. ^ baSiCa " y imp ' emented the «■"» ™Y as SDeci,ied bv T1 E1 -4. but with some important dif- 

fftSf hmt 1 ?^ ,U T' nQ 3 2 d '° Wer Speed samp,in9 ' frequency channels at the output of FFT (not shown) 
in the DMT Rx Core have a frequency shift ' 

Jb] Since not all 256 subchannels are necessarily supported by the DMT Rx Core 260. actual FFT implemen- 
tation can be smaller, simpler and more cost-effective; 'mpiemen 

(iv) Control logic 295 permits the system to behave essentially like a conventional analog modem and is used to 
support necessary setup tasks such as dialing and handshaking- 

° f lim , i,ed ba ^j dth from the downstream channel reduces the need for echo-cancellation circuitry 

^SXXXZ Sst- ,ap between - upstream and d — — - «• *S 
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(vi) Because a smaller portion of the spectrum is processed by the present invention, the peak-to-peak deviation of 
the downstream signal is reduced, and this helps to minimize quantization errors. 

DEDICATED HARDWARE BASED EMBODIMENT 

Figure 3A illustrates an embodiment of the present invention that can be g enerally described as a dedicated hard- 
ware implementation. For the present discussion of Fig. 3A. it can be assumed that those circuits having like numbered 
references are the same and/or perform the same function as their counterpart in Fig. 2. For example, unless otherwise 
indicated, there is no material difference between Splitter 210 (Fig. 2) and Splitter 310 (Fig. 3A). 

In this embodiment, the DMT sub-channel modulation core is implemented completely in dedicated processing 
hardware. For thin applicfon. DMT Receiver Core 260 typically includes a digital signal processor (DSP) (not shown) 
and including on-board program ROM (or other suitable memory) for storing executable microcode routines for perform- 
ing bit energy and SNR measurements of the carriers in the sub-channels. In such an embodiment, due to the power 
of the DSP. there is typically no need for processing assistance from a user's host processor 398. This embodiment 
therefore may be advantageously employed where host processing power limitations are a consideration. 

A user of a system shown in Fig. 3A can expand the functionality (i.e., data throughput rate and modem features) 
of such system by upgrading the DMT Receiver Core 260. and where necessary, the AFE 280 as well. The system of 
Fig 3A can be incorporated on a typical printed circuit board. By mounting or packaging the circuits used in such blocks 
in an accessible fashion, they can be replaced or supplemented much in the same way present users of personal com- 
puters can upgrade their motherboards to include additional DRAM. One practical alternative, for example, would be to 
have multiple available slots to accommodate new subband pass filters for passing a greater portion of the downstream 
transmission to be processed by the DMT core logic. Other practical and simple variations of this approach will be 
apparent to those skilled in the art. 

PARTIAL SOFTWARE BASED EMBODIMENT 

In the above dedicated hardware embodiment, the overall speed (data throughput) can be maximized but with less 
flexibility for upgrades. This is because upgrades to such a system must take the form of hardware replacements, which 
can be more costly and difficult for the user to incorporate. On the other hand, as depicted in Fig. 3B, a number of impor- 
tant functions of a communications system can be completely implemented in software, in an analogous fashion to what 
is commonly described in the art as a "software* modem. In this case, the overall speed of the system depends on the 
user's processor power available at host 398. and only the AFE portion need be implemented in hardware. 

The primary differences between the embodiments of Fig. 3A and 3B are the following: (1) implementation of DMT 
modulation* (2) implementation of the control and handshaking functions; and (3) implementation of the control inter- 
face As seen in Figures 3B and 4. DMT Receive Core 460 and DMT Transmit Core 450 are implemented in a data 
pump device driver by the host system 398, In a preferred embodiment, host system 398 includes some form of multi- 
purpose microprocessor (such as an x86 type processor) running a suitable operating system (such as Windows by 
Microsoft) and is capable of executing suitable low level drivers for the DMT modulation (Fig. 4). as well as high level 
application software for implementing Control Interface 500 (Fig. 5). Host processor system 398 communicates over a 
standard bus interface 385 (i.e.. a PCI bus) to Front End circuitry 396 for implementing a high speed modem. As with 
the circuitry in conventional analog modems, this circuitry of the present invention can be effectively incorporated on a 
PC motherboard (i.e.. Bus Interface 385 and Front End Circuitry 396 can be merged so that they are essentially part of 
host system 398) or on a separate printed circuit board , or as a stand-alone unit physically separated from host 398. 
While this approach may not provide as much throughput performance, it has the advantage of being less expensive 
than the pure hardware approach of Fig. 2, and much easier to upgrade. 

In the -software" modem implementation of Fig. 3 using a typical PC running Windows, the DMT Tx core 450. Rx 
Core 460 and Control/Handshaking logic are implemented as a Windows Data Pump Device Driver 400. which consist 
of DMT routines associated control and handshaking codes, and an interface to kernel 480. 

A more detailed characterization of a portion of host processing system 398 is depicted in Fig. 4. which illustrates 
a preferred embodiment of a device driver 400 as it would be constituted for a computer operating system shell 480. In 
the present embodiment. Microsoft Windows NT is considered, but it is understood that other comparable environments 
may be used including UNIX. Windows 95. etc. As is well-known, operating system 480 is responsible for supervising 
and controlling the operation of processing system 398 and all of its associated peripheral devices. Operating system 
480 also includes various interactive control and graphical application interfaces (Fig. 5) for permitting a user of 
processing system 398 to run various applications programs, and to set up. control, configure, monitor and utilize 
peripheral devices such as disk drives, printers, monitors, modems and the like. 

To assist operating system 480 to interact and control such peripheral devices, it is also well-known to use device 
drivers, which are essentially low-level hardware routines executed by a host processor and operating system. A device 
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driver is a memory image file or executable file that contains all the code necessary to instruct a host processor to inter- 
face and drive a particular device within a computing system. Device driver 400 acts as an interface between an oper- 
at.ng system 480 (m this case. Microsoft Windows NT) and hardware 396. In this case, for example, device driver400 
supports hardware 396 (see Fig. 3B). which is embodied in a typical printed circuit board <or external device) The 
5 teachings herein therefore provide for a new device driver that in combination with hardware 396 operates as a "soft- 
ware" modem In th.s manner, operating system 480 classifies this combination as an ADSL modem, or in other words 
another typical personal computer peripheral device, analogous to conventional voice-band modems 

Generally speaking, device driver 400 works as follows: a user of processing system 398 desiring to establish a 
data link to a remote ate for transmitting/receiving data initiates such link through an application program/Fig 5) Ooer- 
io ating system 480 (Fig. 4) interprets and services this request by passing control of thlLk to devfce dWS 4(2 ^fc h 
first generates appropriate instructions for a Device Initialization 440. In a preferred embodiment Modem -card' 396 is 
initialized through Bus .menace 410 using conventional voice band modem control commands so trTt?e P Sm 
.nvenfion .s compatible w.th preexisting applications programs wntten for controlling modems using operating sy^em 
480. Similarly, therefore, control and data signals are interpreted and transmitted by operating sys7em480 to a SeriS 
" a< * 475 80 dialing instructions and handshaking sisals can be n^rteo" to MoTem 

Card 396 to establish a link through channel 100 to an upstream conventional ADSL trarJeveM^ "JStSfZ 
explained above, after sutable handshaking protocols have been completed, the upstream fully compatible ADSL 
2 n R " be 9 ,n r ansmm,ng data on all available M usable sub-channels. This downstream dia isTered I by fIl- 
TER/ADC 380 and at th.s t.me, information for only N sub-channels (N<=M) is temporarily held in Buffer 370 At or 
before th,s same time an interrupt is generated by bus interface 385 and passed through device driver bus interface 
410 to alert Interrupt Serv.ce Router 415 to the existence of downstream data requiring processing. T^erSfte r oSf 
dS^i? begins processing the downstream data stream in response to control formation fromTsR 415 A 
^multiplexer 465 extracts and correlates the data in the various sub-channels before passing it on to Serial Port Inter 
32, 2" £* Operating System 480. In this manner. Device Driver 400 coordTnateTwith MoSm card a^ to 

™hX-s^ 

Q f ..if^Src 8 ? ^'J^ DriV6r 400 alS ° C ° ntainS COntro ' inform ation «w configuring the number and selection 
of sub-channels to be used in the particular data link established through channel 100 with the upstream trariscieVer 
during an ■ntialization process. As also mentioned above, this control information may be self-dete^neSb 
host processing system 398. or alternatively, automatically sensed and monitored by such procSg tysiern ^s<£ 
on a computing performance rating for such system determined in a calibration routine. In either evert d^'thTS 
ial.zat.on process (and at all times subsequent) the upstream transceiver is induced to use such sub-channete onfy for 
the ensuing data transm.ss,on. This is accomplished by transmitting SNR information that is inter^eteo by the 
upstream transceiver as zero for all but K £ N of the sub-channels of the driver selection. This data is paLSu* eTcon 

rasajs ssssztr 475 - Framir * **** 455 af * dmt Tra ™» ^^srs; 

vernal ^ ' 09iC ^ SUPP ° rtin9 ,yPiCa * modem *"d comro^ fro^ 

veronal modem appl.cat.on programs typically implemented in voice-band modems, such as setting up Origi- 

ZEJFT ^ r , ° nrt0nn ? ^ Pr09reSS - Pert0rmin9 modem diagnostics, configuring receiveArairSKr sSs 
A* l ra /* m,SS,0nS ' as performing enhanced error control, data compression and flow cSoi 

between Modem Card 396 and Operating System 480. Device Driver 400 can also support other coieSonTaSS 

SteJaXSns 88 "* ** "*> ° e faund h ethernet "^conne^ ^SSJS. 

Given the teachings of the present invention, the general design of the above Data Pump Device Driver 400 is a 

f. r" "^V 6 abi,itieS ° f ° ne SW,,ed in art The °< «* ^enZ^trl , nTcnSLf or 

essent,al to the present .nventions. and will vary from application to application according to system dL^rTlZ 

ha S °i t y 7 ^ ,nC ' Uded ^ , A9ain> WhMe thiS •"*»«™* ol the present inventTon is7et out TtSi of 
a PC based hos processor runnmg Windows, it will be apparent to those skilled in the art that above AMfon t 
merely an exemplary implementation. The referenced DMT routines, associated control and harxfsh^g cSes 5S ■ £ 

fioTsST^nT 8 . 1 s^em environments, and in a variety of different «o*SoS£ 

tions (high level or low level processing forms) well-known in the a organza 

onn •'" Pr f. f f fr ^ !™ bodimenl implemented using a standard PC running W.ndows, Control/Application interface 

cussed 

Another particularly beneficial aspect of the embodiment of Fig. 3B is the provision of a self -determining "perform- 
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ance" or calibration rating that can be used to determine an optimal or maximum data throughput rate. In other words, 
the system of Fig 3B can automatically and adoptively configure a host system 398 to a particular throughput rate 
based on an evaluation of the available computing power. In a preferred embodiment the performance rating is deter- 
mined based on a calibration rouune executed by Data Pump Device Driver 400. This routine sets a timer, and counts 
how many DMT frames can be processed within the given time; this gives a relative figure of merit for the particular host 
system in question For each sub-channel to be added, one DMT frame needs to be processed within a small fraction 
of 250 us Therefore by incrementally increasing the sub-channel count, the overall effect on total system processing 
overhead can be determined. Control/Application Interface 500 provides the user with control to set a threshold of avail- 
able host power for implementing the high speed link. Based on this threshold of available power (which can be nomi- 
nally set to 20%) the number of subchannels that can be supported can be gleaned very quickly. 

In view of current technology, when DMT processing is implemented in software, the host processing power is more 
likely to be the limiting factor than the frequency band of the subband f Hter 80 in Figure 1 B. Nevertheless, because host 
Drocessors (and especially microprocessors) are evolving in performance at a fairly rapid rare, the present invention 
affords users an opportunity to realize a high speed data link with performance that is controllable, and which improves 
whenever there is an upgrade in the host processing system. Since many typical present day personal computer sys- 
tems have easily accessible and replaceable host processors, users of the present invention can easily and flexibly 
expand and enhance the throughput and functionality of an ADSL modem. 

An example of the flow chart for an ADSL mo dem application/control program 500 designed in accordance with 
the present teachings is shown in Fig. 5. With the teachings herein, a user of host processing system 398 caator the 
first time dynamically control a forward compatible and expandable modem, such as an ADSL modem, using modem- 
control applications software that is analogous to that only previously available for voice band modems. In a preferred 
embodiment ADSL Modem Card 396 is automatically detected by Operating System 480 and set up by infcaUzation 
routine 505 by Modem Device Driver 400. A separate detection routine 510 determines whether or not ADSL Modem 
Card 396 has been upgraded with an additional AFE (as described generally with reference to Figure 6 below), or alter- 
natively whether a processor used in a host system has changed. The purpose of this step is primarily to determine 
whether entries in a Device Parameters Table 560 need to be updated because of changes in computing power, front 
end capabilities or other parameters that may necessitate a modification of the data throughput characterization of the 
overall system when used in a communications mode. _^ . 

A calibration routine 520 is then executed to determine the nominal setup parameters for the overall system in the 
manner described earlier. The results from this operation are stored in Device Paramater Table 560 where they then 
oecome accessible to vanous application programs that may make use of ADSL Modem Card 396 and Device Driver 
400 The information stored in table 560 can include any or all of the following (a) measurements of the computing 
power available to the host processor: (b) measurements of the number of frames processable by the system within a 
Da rticu | ar time period; (c) estimations of the expected loading on the processing system based on demands of other 
applications programs and peripheral devices, (d) minimum and maximum d^^^^^f^^^f!; 
/eTdata identifying the type of host processor; (f) data identifying the number and type of AFEs m ADSL Modem card 
396- (a) estimations and/or target system loading rates available for a datalink (i. e. . maximum available processing time 
to be used by the system during data transmission); (h) data transmit and receive buffer sizes; ( i) interrupt or similar 
oriority data for the modem card; 0) estimations and/or target system sub-channel utilization; (k) estimations and/or tar- 
oet system sub-channel bit capacity information; etc. It will be apparent to skilled artisans that the above are just exam- 
Dies of the types of information that may be pertinent to the performance of a high speed communications system, and 
that other parameters may be considered depending on the environment, application, etc. in which the present inven- 

^ AflS^erforming Auto Calibration routine 520. the results of the same are presented to the user for acceptance and 
verification at step 525. At this point, the user can accept the predetermined configuration data at step 526 (i.e.. such 
as proposed maximum and minimum throughput rates, loading rates, etc.) and this would otherwise 'nvokean end of 
modem setup routine 590. Should the user not want to accept the recommended parameters, a Manual Configuration 
routine 530 is executed. At this juncture, various system performance data can be presented to the user for review, 
along, with a list of modifiable system options 532. If for example, the user elects to increase the desired throughput rate, 
a Verification routine 540 is then executed to determine whether such rate is reasonably sustainable within the other 
oarameters of the system. If the new proposed configuration data is otherwise acceptable, then the Device Parameter 
Se 56u is updated, and the setup routine again ends. Otherwise, the user is alerted by a Notification/Suggestion rou- 
tine 550 which points out the failure of the proposed configuration, and. if possible, makes suggestions to the user for 
modrtying the system options 532 so that overall compliance can be achieved within the performance capability of the 
, £S p Sessing system. The program then loops back to Acceptance routine 525. and thereafter the process is 
repeated until an acceptable configuration has been achieved, and any changes have been incorporated into Device 

Para vvhiles^ otfrie operational steps above are described as implemented solely by Operating system 480 and 
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Device Driver 400. it is understood that such operations occur under direction of modem applications program 500 or 
in some cases, based on initialization routines executed by the host processing system. Moreover to simplify the pres 
entatton of the present invention, only some of the features that may be implemented are described above and many 
other well-known operational steps normally associated with setting up or monitoring modems are omitted. ' 

As with the design of the above Data Pump Device Driver 400. the general design of the Control/Application Inter- 
face 500 required to accomplish the above functions is a routine task well within the abilities of one skilled in the art 
given the teachings herein. The specifics of such implementation are not criticalor essential to the present inventions 
and will vary from application to application according to system designer requirements, so they are not included here' 
Again, while this embodiment of the present invention is set out in the context of a PC based host processor runnino 
VWndows. it will be apparent to those skilled in the art that above description is merely an exemplary implementation 
The referenced Control/Apphcation Interface can be employed in numerous host processing/operating system environ- 
ments, and in a variety of different coding organizations (high level or low level processing forms) well-known in the art. 

MULTIPLE AFE AND LOWER SAMPLING SPEED EMBODIMENT 

t * F T r t 6 i ! lus,rate 1 f. an f* 3 "^ 01 tne P resen « invention wherein a user can achieve significantly increased data 
throughput using multiple low cost, low sampling speed AFEs. generally designated 680A. 680B 680C etc As 
described above, these AFEs may be in separate, modular form and configured in a bank form so that they can be 
incorporated conveniently on a printed circuit board (or similar mounting) or integrated in a single IC chip Each AFE 
can be implemented in a fixed hardware configuration, or individually programmed/controlled to pass a certain portion 
of the downstream date transmission. Assuming suitable processing power is available for DMTmodulationAJemodula- 
t.on (either through a dedicated or software implementation as described above in connection with Figs 3A and 3B) a 
user of such system can achieve substantially expanded functionality by upgrades having performance characteristics 
and costs of their choice. 

UNDERLYING THEORY OF PRESENT INVENTION FOR ADSL/DMT APPLICATIONS 

A discussion of the underlying theory supporting the premise of the present invention now follows. In particular this 
1S?™t OWS ^^^tical foundation For the use of multiple low speed AFE's to sample a full bandwidth 
ADSL/DMT signal. It w.ll be apparent to those skilled in the art. after reading this discussion, that the present invention 
tbre ofADSL 8960 " in 8 nUmb6r °' rSte adaptable ^'"""ications environments, including CAP implementa- 

DMT Transmitter 

1 c ^ Pr !! e , n !u di f Cl, f i0n - ° n,y a subsel of the DMT ^"smitter is considered, as shown in Figs 1 D and 

IE. The combined model that includes the channel response and the DMT receiver is shown below, where only one 

SFlRare cc^^Uefter 9 " ** T ° ** ther Simp ' ify ' Cnamel response and 

, in ^ & ^T^' We ana ' yze Si9nal wer one bmti P 358 fitterin 9 P">cess. The resuft shows that the DMT sig- 
nals with^ the band pass can be recovered with the same use of impulse response shortening technique. With use of 
multiple AFE s that cover different frequency bands, all DMT subchannels can be recovered. 

IFFT 

domSn^lFFT b^ck eT* " ™~ " {N °^ 2) frequency domain variab,es are transformed into the time 



50 y^E^e' 2 ™'* 

;-0 
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Cyclic Prefix 

c time domain variables at the end are added to the prefix of the sequence as shown in Fig. 1 D by block 70 

5 

AFE/DAC 

Discrete time domain sequence are converted by AFE 75 to the continuous time domain waveform as follows: 



10 



15 



z(f) = £ z nPrx {t-nT c ). 

rtm-oo 

where p TX (0 is the transmitter pulse of the AFE/DAC used, and T c is the transmitter DAC clock period and equal to 

T 250nsec 
c = A/+C 

according to the DMT ADSL specifications. 
Channel 

25 With reference now to Fig. 1E. if the channel impulse response is h c (t), we have 

oo 

u(t)= £ z,p RX {t-nT c ) 

nm-eo 

30 

where p RX (t)=p TX {t)&h c [t) . 
Bandpass Filtering 

35 

If the bandpass filter 80 has an impulse response of 



40 



where p BPF {t)=p RX (t)®h BPF (t) • 
45 AFE/ADC 

Let the sampling clock be T s = T c x L . This means a slower sampling by a factor of L for AFE 81 . Thus, 

CO 00 

SO W„m £ *„PBPF('< 7 V n7 "c)= £ ^nPePFd^-"!^) 



For causal pulse p B pf (0. we have 

55 



n « 0 
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Shortening FIR (SF1R) 

After AFE discrete time sampling, a time domain equalizer (TEQ) called SFIR 82 is used to reduce the combined dis- 
crete time impulse response to a duration smaller than c. If the SFIR response is h SFIf ^n], we have 



10 



= £ £ z m p B „ ([kL-n- iLV c Y\h SFIR [i) 



15 



2- Z kL-n ^[n] 



where 



20 



Physical Meaning of [n] 

25 



SFIR 

in 



If we perform discrete Fouriertransform at block 84 for h tot [n], we obtain H ror [o>)= H SFlR [L<»}H BPF [<o] where H SF 
[La>] and H BPF M are the DFTs with period V(LT C ) and 1/7 C , respectively. Their spectra can be illustrated as shown 
Fig. 1Ffor Z.=5. 

30 Dropping Cyclic Prefix 

By dropping the cyclic prefix of length c/L. at block 83 we consider only s H =r k .k=O t • ♦ • . A/ r 1 , where A/, « N/L 
FFT 

35 

Performing FFT at block 84 for s k , *=0, • • • ,(/V/L)-1 , one obtains: 
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N,-l 



i. =0 



*=0 ^ i = C 



to *=o ^ 1=0 y 

"i" i ( i ] t -> 2 '-' tt -"""' e -' ! *"'"'' 

*=0 i = 0 

iJfe^ tt we-> 2 " ttt - ,)/ *■ll«me- y2,,<,^/A, ' 



15 



25 where we assume h tot [i] is only nonzero for / = 0, .c . f=or a given / , let us define 

30 

We can then define /'=/t-/, where /'=0 L-1 . Therefore. /=/!-/" 

From the above definitions, we have 



*=o *=° 



45 



k=0 



so 

Therefore. 

55 
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w 



15 



c vv, - 1 

i = 0 it =0 



i = o l * =o /=o 

= X X */ X * y2ff (U *' , X/-«)/Af 
j = o|_ / = 0 Jb »o 



*/o/ Me-' 2 **'** 



20 Since 



25 



30 



we have 



*-0 



= 0 when (I - n) * mN, , 



/•oUt>«o J 



Knowing that /? tof [/] is zero for / < 0 and / > c . we have 



35 



40 



45 



f-0Lm = 0 J 
X X l '^ l «e> 2 ^ /i ]A |BfI ije-y2«*-/Af B 

= "< X X Z^^e^'t L^ . rk ->2«.(tt.O/Af 
/'»0Lm«0 I 
1-1 _ 



so Since 
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10 



= H^(0l5(/-[iL-rF c )l 

I ' J 



<a=2m/NT c 



15 



C I 



<0=2xnf NTr 



we have 



20 



25 



30 



35 



where 



x , t*' _ iltri'm/ L \ u / 2*n _ 2«7 \ g jlxii'f L 

_ Ni V 1 r V U ( 2iTf \f j2M{t + m )i*7 1 

= Tf7 2- x mN x +n 2, H lor < at7 lt c } ^ e 

c m»0 / ; *- n 



o - I 



m*0 



^lI^ l+ «H w [«W,^l, n»0 N | — I 

m=0 



H lw [n] = ^H w (^n), forO<n<* 



40 



45 



50 



Relationship between q n and x n 

As shown in Fig. 1 G if H to/ [n] is a bandpass filter and nonzero only in the intervals [k(Nf2L) t {k + 1)(/vV2L)] and I(2L* 
k-1)(A//2L), (2L-/c)(W/2L)]. where 0 £ < L, the possible values of m that 

H <0 ,[m<tf/L) + nJ 



is nonzero for 0 £ n < (N/L) are as follows, 
ss Even k 

If is even, we can have m=k/2 and 0 £ n <(Nf2L) so that 
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is nonzero over the interval [k(N/2L). (k + 1)(AM2L)]. and m=(L-1)-A/2 and {N/2L) zn< (A//L) so that 

H, ol [m<tf/£) + #i] 

is nonzero over the interval l(2L-k-1)(N/2L) t {2L-k){Ni2L)y 
Odd k 

If * is odd, we can have m=(*-1)/2 and (N/2L) <; n < (N/L) so that 



is nonzero over the interval [k(N/2L). {k + 1)(A//2<_)], and m=l-(*-i)/2 and 0 s n <(/V/2Z.) so that 

25 H tol [miN/L) + «] 

is nonzero over the interval [(2L-/c-1)(/v72Z.). (2L-k){Nt2L)y 
The above discussion is illustrated in Fig. 1G for L = 3. 

In another variation that can be used in the present invention, similar advantages to those obtained by limiting 
bandwidth in the received signal in the downstream transceiver can be obtained by also optionally limiting the upstream 
data rate of the transceiver as well. In other words, the ADSL standard provides for 31 channels in the upstream direc- 
tion, but many applications do not require this amount of bandwidth. The constraints, requirements and costs associ- 
ated with the DMT modulation signal processing, and DAC 330 also can be significantly reduced by transmitting only a 
sub-set of the available 31 sub-channels. The determination of the appropriate sub-channels would be accomplished 
in essentially the same manner as set forth above, except that the information on upstream sub-channel SNR usually 
must be determined by the upstream transceiver, and then fed back to the downstream transceiver To save time and 
overhead complexity, and given the fact that there is less variation in bit capacity in sub-channels in this frequency band 
one approach also would be to simply select a fixed sub-set of such sub-channels-without regard to their actual per- 
formance characteristics. In a software modem environment, Control/Application software 500 would provide a user 
with selectable control to effectuate a restricted upstream transmission on limited sub-channels. Again, with respect to 
the ADSL standard, the only requirement in this respect is that the upstream pilot tone must also be transmitted to 
establish a valid data link An optional limited "upstream" transmission can be effectuated in a variety of ways by the cir- 
cuitry already described above in connection with Figs. 2 and 3. The exact details of such implementation will be appar- 
45 ent to those of skill in the art given the present teachings. 

Although the present invention has been described in terms of a preferred ADSL embodiment, it will be apparent 
to those skilled in the art that many alterations and modifications may be made to such embodiments without departing 
from the teachings of the present invention. For example, it is apparent that the present invention would be beneficial 
used in any xDSL or high speed multi-carrier application environment- Other types of VLSI and ULSI components 
so beyond those illustrated in the foregoing detailed description can be used suitably with the present invention Accord- 
ingly, it is intended that the all such alterations and modifications be included within the scope and spirit of the invention 
as defined by the following claims. 



Claims 



A high speed communications system capable of supporting a downstream data transmission from a upstream 
transceiver using a analog signal consisting of M data carrying signals contained within a bandwidth F said system 
comprising: ' 7 
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a channel interface circuit for coupling to and receiving said analog signal; and 

a front end receiving circuit for processing the analog signal and converting it to a digital signal; 

a processing circuit for extracting N data carrying signals (N <M) from the digital signal using a first frequency 

portion f1 of the digital signal (fl <F). 

5 2. The system of claim 1 . wherein the N data carrying signals are selected by the processing circuit based so as to 
minimize the amount of processing required to extract the selected data from the digital signal. 

3. The system of claim 2, wherein the N data carrying signals can be selected during a initialization process setting 
10 up a data link to the upstream transceiver. 

4. The system of daim 3. wherein M data carrying signals can be sent by the upstream transmitter during a initializa- 
tion process, and thereafter, only N data carrying signals are sent. 



is 5- 



The system of claim 1, wherein the front end circuit includes: (i) a sub-band filter for passing the first frequency 
bandwidth portion f 1 of said bandwidth F; fii) and an analog to digital converter. 

The system of claim 1 . wherein the selected data further includes data obtained from an additional second fre- 
quency bandwidth portion f2 of said bandwidth F. so that an additional number of data carrying signals P from the 
20 M data carrying signals (N+P < M) can be processed. 

7 The system of claim 6, further including one or more sub-band filters for passing the first frequency bandwidth por- 
tion f1 and second frequency bandwidth portion f2 of said bandwidth F and an analog to digital converter. 

25 8. The system of claim 7, wherein a target data rate of the system can be increased by processing an additional 
number of data carrying signals P from the M data carrying signals, where N+P <M. 

9. The system of claim 1 . wherein the selected data to be extracted from the bandpassed data can be controlled by a 
user of such system. 



6. 



10 The system of claim 9. wherein a user of such system can increase a target data rate of the system by modularty 
augmenting the front end circuit to include additional bandwidth and analog to digital conversion capacity such that 
an additional number of data carrying signals P from the M data carrying signals (N+P <M) can be processed. 

35 1 1 . The system of claim 1 , further including a front end transmitting circuit for transmitting control information to cause 
said upstream transceiver to transmit downstream data only using the N data carrying signals. 

12 The system of claim 1 1 . wherein the control information transmitted to the upstream transceiver includes feedback 
" information indicating that only N of the M data carrying signals are desirable for downstream data transmission, 

40 even during times when said channel is capable of supporting more than N data carrying signals. 

13 The system of claim 12, wherein the control information transmitted to the upstream transceiver further includes 
' feedback information indicating that: (i) the system can support any data protocols used by said upstrearn trans- 
ceiver; and 00 that they are connected through a channel with substantial signal attenuation characteristics for data 

45 signals other than the N data carrying signals. 

14 The system of claim 1 . further including a front end transmitting circuit for transmitting an upstream data signal 
" using a second frequency bandwidth F2 different from F, and L data carrying signals, and where L < M. 

50 1 5. A high speed communications system for processing an analog data signal from a channel capable of supporting 
M modulated sub-channels, said system comprising: 

a channel interface circuit for coupling to and receiving said analog data signal from the channel; 

55 a analog front end circuit for processing the analog data signal and converting it to a digital signal; 

a processing circuit for extracting data from the digital signal, the digital signal including data taken from a 
number N of said sub-channels, where N is intentionally selected to have a value less than M and where N is 
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negotiated with an upstream transceiver during a initialization procedure. 

16. The system of claim 15. where the N sub-channels are initially loaded with bit capacities that are left essentially 
unchanged unless said channel characteristics vary. wwwnaiiy 

1? ' d!lre SyS,em * Wherei " me SeleCti ° n ° f ^ N sub - channe,s on be <tone during the initialization proce- 

18. The system of claim 15. wherein the value of N is based on signal processing capability of the processing circuit. 

19. The system of claim 15, wherein a target data rate of the system can be increased by process: no a additional 
number of sub-channels P from the M sub-channels, and where N+P <M. processing a additional 

2 °" ?!2r * ° teim , 15 J urther inc,udin 9 a front end transmitting circuit for transmitting control information to<ause 
said upstream diver to transmit downstream data only using the N sub-channels. on io.cause 

21 " ^nZHtlS .IS 1 5 L*t erein UpStream transceiver di! *rete multi-tone (DMT) modulation for generat- 
Son^dTS sub " cn « n "els. and the channel supports asymmetric digital subscriber loop (ADSL) transmte- 

22 " u!w!lTt^ communications system for processing an analog data signal from a channel capable of supporting 
M modulated sub-channels, said system comprising: suppornng 

a channel interface circuit for coupling to and receiving said analog data signal from the channel. 

an analog front end circuit for processing the analog data signal and converting it to a digital signal; 

a bus interface circuit for transmitting the digital signal to a host processing device, and for receiving a trans- 
mission control signal from the host processing device to cause said upstream transmitter to transit S> 
only from > a number N of said sub-channels, where N is intentionally selected to have a value less than Mand 
where N is negotiated with a upstream transceiver during a initialization procedure. 

23 ' d^cT^ * Claim Wh6rein Va ' Ue ° f N 15 baS6d ° n Si9nal Drocessin 0 «P"W»y of the host processing 

24. The system of claim 22. wherein a data rate of the system can be increased by processing an additional number 
of sub-channels P from the M sub-channels, and where N+P < M. aoomonai number 

25 ' ^tr^ i' a £ 22 i W ^ erein i the UPStr6am ,ranSCeiver discret e mufti-tone (DMT) modulation for generat- 
ion ! standTSs ^^nneis, and the channel supports asymmetric digital subscriber loop<ADSL) transmt 

26. A method of processing a xDSL signal from a digital subscriber loop, said method including the steps of: 

negotiating a reduced data rate R' for said signal between a downstream and a upstream transceiver; and 

™ JUT l^T^ 9 d K?° SL Si9nal from the ups,ream « ran «=iever to the downstream transceiver utilizing 

SUtW:han " elS ? t0 6ffeCtuate the reduced data rate "*™ N is intentionally selected to be Te2 
than a maximum number of sub-channels M supported by said digital subscriber loop - '«"ODe.ess 

^scXer* * SUb " Channe,s N is based 00 si 9 nal Pressing capability available to the downstream 

27. The method of claim 26. wherein the data rate of the system can be increased by processing an additional number 
of sub-channels P from the M sub-channels, and where N+P <M. messing an actional number 

28 * £££5£ ^ diSCrete modulation for generat- 
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29. The method of claim 26. wherein the reduced data rate R' can be specified by a user operating the downstream 
transceiver. 

30 A high speed communications data receiver for communicating through a channel at a data rate X with a upstream 
transmitter capable of transmitting a data stream at a rate Y (X<Y). the receiver compnsing: 

a channel interface circuit for coupling to and receiving said data stream; and 
an analog front end circuit for data sampling the analog signal and converting it to 
a digital signal; and . 
a processing circuit for extracting selected data from the digital signal, and for generating a transmission con- 
trol signal tor causing said upstream transmitter to transmit at a data rate substantially equal to said data rate 
X during a data stream transmission; and 

wherein data sampling requirements of the analog front end circuit and extracting of the processing circuit are 
reduced because data sampling and extracting is only performed for a fractional portion of the data stream. 



31 The system of claim 30. wherein the analog front end circuit further includes one or more sub-band filters for fater- 
' ing the analog data signal to generate the fractional portion of the data stream that requires data sampling and 

extracting. 

32 The system of claim 30. further including a front end transmitting circuit for transmitting the transmission control sig- 
' nal from the processing circuit to cause said upstream transceiver to transmit downstream data only at said data 

rate X. 

33 The system of claim 32. wherein the control information transmitted to the upstream transceiver includes feedback 
' information indicating that the maximum downstream data transmission data rate is X. even during times when said 

channel is capable of supporting more than said data rate X. 

34. The system of claim 30. further including a front end transmitting circuit for transmitting an upstream data transmis- 
sion using a data rate Z, where Z < Y. 

35. The system of claim 30. wherein the ratio of X to Y is approximately .5 or less, and this ratio can be increased 
through modular additions to the analog front end circuit. 

36 A high speed communications data receiver for communicating through a channel with an upstream transmitter that 
' is capable of transmitting a data signal with a particular frame rate T and data rate Y. the receiver comprising: 

a channel interface circuit for coupling to and receiving said data signal; and 

an analog front end circuit tor sampling the data signal and converting it to a digital signal; and 

a processing circuit that: (0 is configurable for processing the digital signal at a data rate <=X and using said 

frame rate T where X is determined for such processing circuit prior to initialization of a data transmission and 

X < Y/2; fii) generates a transmission control signal for causing said upstream transmitter to transmit at a data 

rate no greater than X during a data transmission; 

wherein signal processing requirements for the processing circuit are reduced because processing is only per- 
formed at a fractional rate of the available data rate of said transmission protocol. 

37 The system of claim 36. wherein the control information transmitted to the upstream transceiver includes feedback 
information indicating that the maximum downstream data transmission data rate is X. even dunng times when said 
channel is capable of supporting more than said data rate X. 

38. The system of claim 36. wherein the feedback information including the data rate X can be controlled by a user of 
such system. 

39. The system of claim 36. wherein the ratio of X to Y is approximately .2 or less. 

; 40. A high speed communications system for transmitting digital information in a channel capable of supporting a trans- 
mission bandwidth F. said system comprising: 

an upstream data transceiver capable of modulating the digital information to generate an analog data signal 
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data transmission using said transmission bandwidth F; and 

a downstream data transceiver channel interface circuit for coupling to and receiving said analog data signal 
from the upstream data transciever through said channel, the downstream data transceiver including: 

(j) a front end receiving circuit for processing the analog data signal and converting it to a digital signal and 
00 a processing circuit for demodulating the digital signal, the digital signal including data from a first fre- 
quency bandwidth portion f 1 of said bandwidth and for generating feedback information indicating to the 
upstream transceiver that the bandwidth other than f 1 is unsuitable for data transmission- and 
(i.0a front end transmitting circuit for transmitting the feedback information using a second frequency 
bandwidth portron f2 to cause said upstream transceiver to transmit downstream data only using the first 
frequency portion f 1 . 1 v 

41 ' t^Ih 8 !^ 0 !/^;, 40, W f e l ein 4 ,he r3ti0 * M to F is aPP^te'y -5 or less, and this ratio can be increased 
through modular additions to the front end receiving circuit. 

42 ' .™<SorT ° f ° ,aim 4 °' Wh6rein ** fe6dbaCk in,ormat,on contafns intentionally altered channel characteristic 

43. The system of claim 41. wherein the feedback information, including the size and location of first frequency portion 
so f1. can be controlled by a user of such system. ^ 

44. A high speed communications data receiver for communicating through a channel at a controllable data rate X with 
an upstream transmitter capable of transmitting a data signal at a flame rate T. and a data rate Y where X/Y<7/2 
the receiver comprising: ' 



10 



is 



a channel interface circuit for coupling to and receiving said analog data signal- and 

an analog front end circuit for data sampling the analog signal and converting it to a digital signal- and 

L f ^ eS !! n9 t ? CUil f ? r de ! e / minin9 ^ rate X based on Pressing capabilities available for extracting data 
from the digital signal and for generating a transmission control signal for causing said upstream transmitter 
to transmit using sad flame rate T. and a data rate substantially equal to said data rate X Ling a c^taTans- 

mission . 

45. The receiver of claim 44. wherein said rate X is determined during a calibration routine. 
35 ^^Jl^S^^ CaKbrati0n ^ " eX6CUted * 8 hOSt data to ermine the 

47. The receiver of claim 44. wherein said rate X is configurable by a user of such receiver based on performance char- 
acteristics of a host processor comprising a portion of the processing circuit. penormance cnar 

48. The receiver of claim 44. wherein X/Y is approximately .5 or less. 

49. A method for communicating through a channel with an upstream transmitter that is capable of transmitting a data 
signal at a frame rate T. and a data rate Y. the method comprising the steps of: Transmuting a data 

receiving said data signal; and 

sampling the data signal and converting it to a digital signal and 

processing the digital signal at a data rate <=X and using said frame rate T. where X is determined prior to ini- 
tialization of a data transmission and X < Y/2 , and 

generating a transmission control signal for causing said upstream transmitter to transmit at a data rate no 
greater than X during a data transmission. ° 

50. The method of claim 49, wherein the control information transmitted to the upstream transceiver includes feedback 
information inditing that the maximum downstream data transmission data rate is X. even during tiTeswhe^ 
channel is capable of supporting more than said data rate X. 

51 ' ™cVs^n°' C ' aim 49 ' Wherei " feedbaCk information inc,udin 9 the date ra te X can be controlled by a user of 
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52. The method of claim 49, wherein said rate X is determined during a calibration routine. 

53. The method of claim 49. wherein said rate X is configurable by a user of such receiver based on performance char- 
acteristics of a host processor comprising a portion of the processing circuit. 

54. A method of operating a high speed communications system that is coupled through a channel to an upstream 
transceiver operating at a maximum data rate Y using a bandwidth R said method comprising: 

(a) receiving an analog initialization signal having a bandwidth F from the upstream transceiver through the 

channel; and ... 

(b) generating a digital signal based on sampling a portion of the analog data transmission signal correspond- 
ing to a first frequency bandwidth portion f 1 , where f 1 <F; and 

(c) processing the digital signal to extract data from the digital signal such that an effective receiving rate X 
(where X<Y) is achieved by the system; 

(d) generating feedback information pertaining to the channel transmission characteristics indicating to the 
upstream transceiver that data rates higher than X should not be used; 

(e) thereafter recieving an analog data signal transmitted by the upstream transceiver to have a bandwidth f 1 ; 

(f) repeating steps (b) and (c). 

55. The method of claim 54, further including a step prior to step (a): receiving a control signal from a user of such sys- 
tem for determining the effective receiving rate X. 

56. The method of claim 54. further including a step: determining an optimal bandwidth portion f 1 so as to minimize the 
amount of processing required to extract the data from the digital signal at the receiving rate X. 

57 A high speed communications transceiver for communicating with an upstream transceiver transmitting an analog 
data transmission signal using M data carrying signals within a bandwidth F through a channel to said system, said 
transceiver comprising: 

a channel interface circuit for coupling to and receiving said analog data signal from the channel; and 
a front end receiving circuit for sampling the analog data signal and generating a digital signal based on such 
analog data signal, the digital signal including data from a first frequency bandwidth portion f 1 of said band- 
width F containing N data carrying signals, where N<M; and 

a bus interface circuit for transmitting the digital signal to a host processing device; and 
wherein the system's performance, including data rate, can be scaled based on modifications to said front end 
receiving circuit or said host processing device so that a the sampling of the analog data signal can be 
increased, and the first frequency bandwidth portion f1 can also be expanded. 

58. The system of claim 57. wherein the front end receiving circuit includes a filter for passing the first frequency band- 
width portion f 1 of said bandwidth F; (ii) and an analog to digital converter. 

59 The system of claim 58. wherein when the modifications include additional bandpass filters for increasing the first 
' frequency bandwith portion from f 1 to f2. where F > f2 > f 1 . the number of data carrying signals is increased from 

N to N+P, where P = f2/f1 *N , and N+P< M. 

60 The system of claim 57, wherein the modifications include adding an additional number of front end circuits k in the 
' system each with a bandpass frequency f 1 to result in N*k data carrying signals being included within the digital 

signal. 

61 . The system of claim 57. wherein the f irst frequency bandwidth portion f 1 is programmable. 

62. The system of claim 57. further including a front end transmitting circuit for transmitting control information to cause 
said upstream transceiver to transmit downstream data only using the N data carrying signals. 

63 The system of claim 62, wherein the control information transmitted to the upstream transceiver includes feedback 
' information from the host processing device indicating to the upstream transceiver that only N of the M data carry- 
ing signals are desirable for downstream data transmission, even if said channel is capable of supporting more than 
N data carrying signals. 
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64. The system of claim 63, wherein the front end transmitting circuit transmits an upstream data transmission using a 
second frequency bandwidth F2 and L upstream data carrying signals, and where L < M. 

65. The system of claim 57. further including a host processor circuit in the host processing device for extracting 
selected data from the N data carrying signals. 

66. The system of claim 65, wherein host processor circuit includes a host microprocessor, a programmable memory 
coupled to the microprocessor, and a data extraction routine located in the memory which can be executed by the 
microprocessor. 

67. The system of claim 66, wherein the modifications include upgrading said host processing circuit to include addi- 
tional signal processing power for processing an additional number of data carrying signals. 

68. A method of operating a high speed interface between an upstream transceiver and a host processing device at a 
is target data rate, said method comprising: 

(a) receiving an analog initialization signal having a bandwidth F from the upstream transceiver through a com- 
munications channel; and 

(b) generating a digital signal based on sampling a portion of the analog initialization signal corresponding to 
20 a first frequency bandpass portion f 1 ; 

(c) transmitting the digital signal to said host processing device so that characteristics of data carrying signals 
contained within first frequency bandpass portion f 1 can be determined, and a number of such data carrying 
signals can be configured for use by said host processing device to achieve said target data rate; and 

(e) generating feedback information indicating to the upstream transceiver that bandwidth other than the first 
25 frequency bandpass f 1 should not be used for data transmission; and 

(f) receiving an analog data transmission signal having a bandwidth f 1 from said upstream transceiver; and 

(g) generating a digital signal based on sampling the analog data transmission signal; and 

(h) transmitting the digital signal to the host processing device so that it can be processed to extract selected 
data from the data carrying signals; 

(i) when a data rate increase is required, expanding the first frequency bandpass portion f 1 and returning to 
step (a). 



30 



69. The method of claim 68. further including a step of: determining an optimal size and location of first frequency 
bandpass portion f 1 so as to minimize the amount of processing required by said host processing device to extract 

35 the data from the digital signal. 

70. The method of claim 68, wherein the ratio of f 1 to F is approximately .5 or less, and a data rate of such interface is 
controlled by controlling this ratio. 
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71. The method of claim 68 wherein the analog data transmission is comprised of M modulated sub-channels within 
bandwidth F, and the selected data is contained in N of the M sub-channels within first selected frequency band- 
pass portion f 1 . where N < M. 

72. The method of claim 68, further including a step: determining an optimal set of N sub-channels so as to minimize 
45 the amount of processing required to extract the data from the digital signal. 

73. The method of claim 68, further including a step wherein protocol information pertaining to standards applicable to 
Asymmetric Digital Subscriber Loops is transmitted by the upstream data transceiver so as to set up a ADSL com- 
patible data link. 
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The method of claim 68. wherein during step (i) the first frequency bandpass portion f 1 is increased by the use of 
additional bandpass filters for increasing the first frequency bandwith portion from f1 to f2, where F > f2 > f 1 , so that 
the selected data is received at an increased rate equal to approximately f2/fl . 
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FIGURE 2 
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FIGURE 3 A 
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FIGURE 4 
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